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Abstract

Some fuel pin cladding made from a ferritic steel reinforced by titanium and yttrium oxides were irradiated in the
French experimental reactor Phénix. Microstructural examination of this alloy indicates that oxides undergo dissolu-
tion under irradiation. This irradiation shows the influence of dose and, in a smaller part, of temperature. In order
to better understand the mechanisms of dissolution, three ferritic steels reinforced by Y,O3 or MgO were irradiated with
different charged particles. Inelastic interactions induced by 1 MeV He ion irradiation do not lead to any modification,
neither in their chemical composition, nor in their spatial and size distribution. In contrast, isolated Frenkel pairs cre-
ated by electron irradiation lead to significant oxide dissolution with a radius decrease proportional to the dose. More-
over, the comparison between irradiation with ions (displacements cascades) and electrons (Frenkel pairs only) shows

the importance of free point defects in the dissolution phenomena.

© 2004 Elsevier B.V. All rights reserved.

PACS: 61.82.Bg; 61.16.Bg; 61.80.Fe; 61.80.Hg; 61.80.Jh

1. Introduction

Actual austenitic stainless steels are not suited for
high temperature, high fluence (>80 dpa) nuclear appli-
cations because of their large swelling under irradiation.
Oxide dispersion strengthened ferritic martensitic steels
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(ODS) are considered for these applications. ODS fer-
ritic steels are highly resistant to swelling thanks to the
cubic centred structure of the matrix. ODS alloys also
offer improved out-of-pile strength characteristics at
temperatures above 550 °C thanks to the fine oxide dis-
persion. An experimental irradiation in Phénix of a fer-
ritic ODS type alloy, named DY (Fe-13Cr-1.5Mo +
1TiO, + 0.5Y,0;) indicates that yttrium oxide under-
goes dissolution under neutron irradiation [1,2]. For this
type of materials, several kinds of phenomena can be
responsible for such a dissolution (thermal dissolution,
recoil dissolution, dissolution induced by displacement
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cascades, dissolution due to inelastic interaction, etc.).
In order to improve the understanding of the mecha-
nisms of dissolution, DY and two other ferritic steels
(Fe-9Cr) reinforced by Y,03; or MgO were irradiated
with different sorts of charged particles.

2. Experimental procedure
2.1. Materials

The ODS ferritic steel named DY has been developed
by CEN-SCK Mol (Belgium) [3,4]. It has been prepared
by mechanical alloying from elementary metallic ele-
ments and Y,0j3 and TiO, powders. Its chemical compo-
sition is given in Table 1. The last two heat treatments
were a solution annealing at 1050 °C for 15 min and
an ageing at 800 °C for 24 h. The microstructure is com-
posed of two types of grains, elongated in the extrusion
direction. The first type contains few dislocations
(recrystallised grains) and the other shows a high tangled
dislocation density (Fig. 1(a)). All grain boundaries are
decorated by an intense precipitation of quaternary
intermetallic y phases (FesCroTisMo,). Except for a

few oxide-free bands parallel to the direction of extru-
sion, the oxide dispersion is homogeneous throughout
the grains. No difference in oxide distribution has been
observed between grains which are recrystallised or
not. During the fabrication of these alloys, the chemical
composition of the oxides has changed. Their chemical
composition was determined by X-ray analysis on thin
foil specimens. There are two oxide populations. A
homogeneous dispersion of fine oxides (<50 nm) with
a regular shape (Fig. 1(b)): these particles are yttrium
oxide (85Y-10Al-<5Ti,0) or titanium-yttrium oxide
(70Y-25Ti-10A1,0). There are also larger oxides (50
nm to 1 pm), some of them with a dendritic interface.
There are also mixed titanium-yttrium oxides (70Y—
25Ti-10A1,0) and titanium oxides (>90Ti,0O).

The other materials, two EM10 (Fe-9Cr-1Mo) fer-
ritic steels respectively reinforced by Y,03; or MgO, were
elaborated by mechanical alloying in a Netzsch PRO1
attritor. Each mill was charged with 8 kg of § mm diam-
eter 100C6 balls and 400 g of powder. The powders con-
sist of 0.4% in volume of oxide powder (Y,O3 or MgO)
and a powder of EM10 steel (Fe-9Cr-1Mo) produced
by argon atomising process. The powder obtained after
80 h milling under argon is densified by coextrusion with

Table 1

The chemical composition of ODS ferritic steels (wt%)

Material Fe C Cr Mo Si Al Ti Mg Y (0]
DY Balance 0.015 12.9 1.48 0.08 0.03 0.05 2.03 - 0.45 0.3
EMI10 + Y,03 Balance 0.010 8.6 1.15 0.38 - - - 0.18 0.13
EMI10 + MgO Balance 0.093 8.74 1.01 0.52 0.39 0.02 — 0.11 0.16

X

Fig. 1. Microstructure of the ODS ferritic steel DY before irradiation. (a) The two types of grains and y phase. (b) Oxide distribution

in a recrystallised grain.
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Fig. 2. Microstructure of EM10 steel reinforced by MgO before irradiation. (a) Isotropic grains, big oxides and carbides. (b) Fine and

homogeneous oxide dispersion.

Fig. 3. Microstructure of EM10 steel reinforced by Y,05 before irradiation. (a) Isotropic grains, big oxides and carbides. (b) Fine and

homogeneous oxide dispersion.

mild steel clad [5]. The chemical composition of these
specimens is shown in Table 1. In order to have a dislo-
cation-free matrix, to see better the oxides, the materials
were heated at 1100 °C for 30 min and then slowly
cooled at 1 °C/min. These materials are made of small
isotropic grains, containing complex carbides M,3Cg
(M = 30Fe-60Cr-10Mo) (Figs. 2(a) and 3(a)). Two pop-
ulations of oxides coexist. There is first a family of big
oxides (>50 nm). These big oxides are amorphous silicon
oxides or specific oxides containing Mg or Y but also a

large amount of manganese or silicon. Besides, there is
also a population of small oxides (<50 nm). This fine dis-
persion is homogeneous, the average diameter is about
10 nm for EM10 + MgO and 15 nm for EM10 + Y,0;
(Fig. 2(a) and 3(b)). The chemical composition of the
oxides has been modified during alloy elaboration. They
now contain elements which were in solution in the
EMI10 powder before the fabrication. Table 2 indicates
the different compositions of oxides discovered in these
two materials.
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Table 2

Oxide chemical composition

Material Oxide Y Al Mg Mn Si

EM10 + MgO SiO, 100
MgO 50 15 35
MgO 20 35 40
MgAlL,O4 65 20 15

EMI10 + Y,0; SiO, 100
Y,0; 85 15
Y203 75 10 15

2.2. Observations

Specimens were mechanically thinned to 0.1 mm
thickness. To make transmission electron microscopy
discs, a TENUPOLE device was used with the 721 elec-
trolyte at 13 °C and a current of 200 mA.

Before and after irradiation, TEM examinations have
been performed on an EM 430 Philips electron micro-
scope equipped with a LaB¢ filament and operating at
300 kV. To examine the change in composition caused
by irradiation, scanning energy dispersive spectrometry
(STEM/EDS) was used. It allows the study of the chem-
ical composition of the matrix and the oxides by X-ray
microanalysis before and after irradiation. To carry
out these experiments, an electron probe diameter of
about 7 nm was used.

2.3. Irradiation

2.3.1. Neutron irradiations

A few fuel pin claddings made from DY steel were
irradiated in an experimental capsule placed in a special
subassembly in the central part of the Phénix reactor
core. The maximum dose reached was 81 dpa, and tem-
peratures ranged from 400 to 580 °C along fuel pins.
TEM examinations were performed on six locations of
a fuel pin cladding. The locations and their irradiation
conditions are given in Table 3. One of them serves as
a reference for the non-irradiated state.

2.3.2. Electron irradiations

Electron irradiations and in situ observations were
carried out in the high voltage electron microscope
(HVEM) of C.E.A. Saclay using a beam of 1 or 1.2

MeV electrons. The irradiated areas were always in an
orientation avoiding the contrast of the dislocation
loops formed under irradiation in the ferritic matrix
(out of contrast orientation). Irradiations were done
with a focused beam of 2 um diameter. The central beam
intensity ranges from 1 to 2 x 10%° e~/cm?/s, which cor-
responds to 3 to 6x 107 dpa/s in the ferritic matrix,
assuming a displacement cross-section of 40 barns. Irra-
diations have been performed in the temperature range
of 300-550 °C. The beam current is constant in its centre
over 1 pm. Since the diameter of the oxides is 200-600
nm, a constant dose is thus kept constant on the oxide.

The evolution of the chosen oxide was followed dur-
ing all the irradiation and micrographs were taken every
10 dpa in order to measure the oxide area with a plani-
meter. The foil was not tilted during the experiment to
prevent the artefacts due to the not perfectly spherical
shape of the oxide. The evolution of the diameter of
the oxides with the dose was deduced from the evolution
of the diameter of a sphere of the same diametral area as
the oxide.

2.3.3. Ion irradiations

1MeV helium ions irradiations were done with a 1
MV Van de Graaf accelerator (SRMP, C.E.A. Saclay),
at 400 °C. In order to avoid elastic interactions, we have
observed only the first 200 nm of the irradiated zones
(far from the implantation zone). To do this, we have
irradiated 3 mm discs, electro-polished only on one face,
and then we have observed thin foils by TEM, after elec-
tro-polishing the other face.

Irradiations using 300 keV argon ions were done with
a 180 keV accelerator (IRMA, CSNSM-Orsay, France).
This accelerator is coupled with a Philips transmission

Table 3

Location and irradiation conditions of TEM specimens

Location mm/BCF* —400 105 285 375 465 850
Temperature (°C) 400 435 484 508 532 580
Dose (dpa) ~0 54.8 75.6 79.3 78.8 30.5

# Bottom of column fuel.
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Table 4
Microstructural evolution of the oxides distribution

Irradiation conditions Disappearance of the small oxides Halo of subparticles Halo diameter (nm) Chemical composition

400 °C, 0 dpa No No 3 families slight loss of Al
435 °C, 54 dpa No Extremely faint <50 2 families loss of Al
450 °C, 62 dpa No Faint 40-60 2 families loss of Al
484 °C, 75.6 dpa Yes Large 80-100 2 families loss of Al
508 °C, 79.3 dpa Yes Large 80-100 2 families loss of Al
532 °C, 78.8 dpa Yes Large 90-110 2 families loss of Al
580 °C, 30.5 dpa No Faint 50 2 families loss of Al

electron microscope working at 120 kV, allowing in situ
experiments. In situ observations have been performed
at 400 °C, for a maximum dose reaching 33 dpa in the
ferritic matrix.

3. Results
3.1. Neutron irradiations

In a previous paper, we described the behaviour of
the ODS ferritic steel irradiated as fuel pin cladding in
Phénix (DY). The main microstructural results are [1,2]:

o The general microstructure of DY does not appear to
be modified during the in-pile service. Both types of
elongated grains are still present and the chemical
composition of the matrix is about the same, with
only a little decrease of Cr content. Intergranular y
phases seem to be unaffected, however there is an
increase of Cr and Mo content and a decrease of Ti
content, correlated with irradiation temperature
rather than with fluence.

e The strong ductility loss induced by the irradiation
results from a fine and uniform o precipitation and
the dislocation loop formation at low temperature
(as in classic ferritic steels) and from an intense y
phase precipitation at higher temperature (>450 °C).

e Another invocated cause of the embrittlement of this
ODS ferritic steel under irradiation is the dissolution/
reprecipitation of the oxides, leading to the disap-
pearance of the homogeneous distribution of oxides
and to the formation of a halo of smaller oxides
around the larger ones. This heterogeneous distribu-
tion, with area without oxides coexisting with area
where the density of very small oxides is high could
make the materials more brittle.

e A few voids are observed at low temperature (<500
°C) leading to a swelling value close to zero. Voids
are mainly associated with oxide particles.

In this paper we focus on the dissolution of the oxi-
des. Microstructural observations indicate that the oxide
evolution consists in four phenomena:

(1) The interfaces of the oxide particles with the matrix
become irregular.

(i) The uniform distribution of the finest oxides (<20
nm) disappears in high-dose irradiated specimens
(>60 dpa).

(iii)) A halo of fine oxides appears around the larger
ones. The halo width increases with fluence.

(iv) The chemical composition of the oxides changes,
even for specimens irradiated at low dose. The oxi-
des lose more aluminium and titanium atoms than
yttrium atoms.

Microstructural evolution of the oxides distribution
is summarized in Table 4, for each irradiation condition.

At the bottom of the clad, where the dose is close to 0
dpa, the oxides seem to be unaffected by thermal ageing
in the reactor. The chemical composition determined by
X-ray microanalysis has slightly changed (slight decrease
in aluminium content), but both the density and size of
the oxides remain constant.

At higher fluence, the oxides are affected by in-pile
irradiations. At 30.5, 54 and 62 dpa, the density of fine
oxides seems to be similar to the density of fine oxides
in unirradiated ODS, but there is a modification of lar-
ger ones. A halo of very small oxide particles surrounds
the latter (Fig. 4(c)). Furthermore, the chemical compo-
sition has changed: the oxides have lost aluminium
atoms and, in a smaller proportion, titanium atoms.

For the highest doses, close to 70-80 dpa, the uni-
form distribution of fine oxides seems to be less dense
(Fig. 4(b)). The chemical composition of the oxides is
the same as the chemical composition of the less irradi-
ated oxides. In Fig. 5 the contents of the main metallic
Y, Al and Ti elements of the oxides in the specimen irra-
diated at 532 °C, are plotted as a function of Fe content,
which is the main element in the matrix and are com-
pared to those obtained on the unirradiated alloy. This
procedure allows for the separation of different oxides
in spite of the matrix contribution when small particles
are analysed in thin foils. After irradiation, titania and
only one type of yttria are detected. All the oxides have
lost their aluminium during in-pile service and yttria
contains no more than 15% of titanium instead of
25% before irradiation. The oxides in all the other
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Fig. 4. Oxide dispersion in the DY ODS steel: (a) before irradiation, (b) after irradiation at 532 °C to 78.8 dpa and (c) after irradiation

at 580 °C to 30.5 dpa.

irradiated specimens (from 30.5 to 79.3 dpa) present the
same evolution. The halo of small oxides surrounding
the biggest ones is more visible than in the specimens
irradiated at 30.5 dpa (Fig. 4(b) and (c)). The tiny parti-
cles around the oxides contain Y, Ti and Al in the same
proportions as the oxide they are surrounding (Fig. 5).

At the highest doses, we can see the influence of tem-
perature since we dispose of three irradiated specimens

at nearly the same doses (about 75 dpa) and at temper-
atures ranging from 474 to 532 °C. There is no influ-
ence of the temperature on the modification of the
chemical composition and on the density of original oxi-
des. The only influence is on the tiny particles compos-
ing the halos. The halos surrounding the biggest oxides
become larger when the temperature increases and the
size of the small particles composing the halo decrease.
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Fig. 5. X-ray microanalysis on thin foil of DY irradiated at 532 °C to 78.8 dpa (original oxides (A) and subparticles (¢)) — comparison
with the three types of oxides present before irradiation [solid line, titanium-yttrium oxide (70Y-25Ti~10AL0); dash line, yttrium
oxide (85Y-10A1-<5Ti,0), and alternating dash line, titania (>90T1,0)].

3.2. Helium irradiations

Fig. 6 compares the electronic stopping power and
the nuclear stopping power of 1 MeV helium ions.
Along the observed zone (the 200 first nanometers) the
majority of energy is lost by electronic interaction
(99.8%). Since the projected range of 1 MeV helium
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Fig. 6. Stopping power for helium ion in pure Fe.

ion in Fe is 1.68 pm, there are very few implanted helium
atoms in the observed area.

The three materials, DY, EMI10+ MgO and
EMI10 + Y,O3 were irradiated with 1 MeV helium ions
at 400 °C with a total fluence of 1.6 x 10'° jons/cm?.
TRIM simulation indicates that the observed zones have
received less than 0.05 dpa during the irradiation. Irradi-
ation with 1 MeV helium ions does not induce any mod-
ification, neither in the chemical composition of the
particles nor in their spatial and size distribution.

3.3. Electron irradiations

Fig. 7 shows the oxide size modification during in situ
irradiation of an oxide of EM10 + MgO with 1 MeV
electrons at 400 °C. The oxides of EM10 + MgO irradi-
ated with 1 MeV electrons decrease in size. The decrease
is more important when temperature increases, as shown
on Fig. 8. The decrease in diameter is always propor-
tional to the fluence, except for the highest temperature
(550 °C). At 300 °C, we have performed irradiation on
two oxides of different size (120 and 200 nm in diameter,
respectively). Fig. 7 indicates that the radius loss do not
depend on original size.

For both ODS steels reinforced by yttrium oxides
(EM10 + Y,05 and DY), the oxides do not show any
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unirradiated

400°C — 30 dpa

Fig. 7. Oxide evolution in EM10 + MgO irradiated with 1 MeV electron at 400 °C: (a) 0 dpa and (b) 30 dpa.
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Fig. 8. Radius evolution of magnesium oxides during 1 MeV
electron irradiation.

evolution under 1 MeV electron irradiation, neither in
size, nor in chemical composition. But, under irradiation
with 1.2 MeV electrons, the oxides decrease in size. The
diameter shrinkage varies linearly with the fluence
(Fig. 9). At equal dose yttrium oxides are less dissolved
by 1.2 MeV electrons than magnesium oxides by 1 MeV
electrons.

3.4. Argon irradiations

For the EM10 + MgO ferritic steel, an irradiation
with 300 keV argon ions leads to a weak dissolution of
the oxides. The diameter shrinkage is less than 5 nm
after an irradiation at 400 °C up to 33 dpa. The shape
of the oxides becomes more rounded (Fig. 10). During
irradiation, the same matrix orientation has been kept
in order to prevent artefacts due to oxides shape.

Alike EM10 + MgO, the oxides of EM10 + Y,03 un-
dergo a slight dissolution under irradiation with 300 keV

Radius loss (nm) Y_0_1.2 MeV
100 - g
MgO
80 -
60 - /
40 -
20
Y2O3 1 MeV
0 — T f T T 1
0 50 100 150 200 250
Dose dpa (Fe)

Fig. 9. Comparison between MgO irradiated with 1 MeV
electrons and Y,0; irradiated by 1 and 1.2 MeV electrons.

argon ions. Furthermore, the yttrium oxides became
amorphous.

4. Discussion

First we can notice that the dissolution of the oxides
observed after in-pile irradiation can be reproduced by
ion or electron irradiations. The only phenomenon that
is not reproduced by such experiments is the formation
of a halo of small oxides around the biggest ones. This
is probably due to the fact that, for neutron irradiated
specimens, the fuel pin has been kept during 600 h at a
temperature higher than 400 °C after the irradiation. Yt-
trium, in solid solution in the ferritic matrix due to the
dissolution of oxides, could then reprecipitate during
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Fig. 10. Oxide evolution in EM10 + MgO irradiated with 300 keV argon ions at 400 °C.

this anneal (the solubility of yttrium in a-Fe is nearly
zero at 400 °C). This kind of reprecipitation is not pos-
sible during ion or electron irradiations because of the
rapid cooling after the irradiation.

The irradiation in Phénix reactor indicates that the
yttrium oxides undergo dissolution under neutron irra-
diation. For this type of material, several kinds of phe-
nomena can be responsible for such dissolution
(thermal dissolution, recoil dissolution, dissolution in-
duced by displacement cascades, dissolution due to ine-
lastic interaction, etc.). The comparison between the
different irradiations leads us to find some mechanisms
which have an effect on oxide dissolution under
irradiation:

(1) 1 MeV helium ion irradiations do not induce any
modification of the oxides dispersion. Since in such thin
samples most of the energy of helium ions is lost by ine-
lastic interaction, these results prove that this kind of
interaction does not induce oxide dissolution and cannot
be responsible for the behaviour observed under neutron
irradiation.

(it) Electron irradiations lead to the dissolution of the
oxides. These experiments prove that isolated Frenkel
pairs can induce oxide dissolution and that the displace-
ment cascades are not necessary. Electron irradiations
give another important information about oxides disso-
lution since yttrium oxides are not affected by 1 MeV
electron irradiations and undergo dissolution under 1.2
MeV electron irradiation: in fact, 1 MeV electrons do
not have enough energy to displace yttrium atoms,
whereas 1.2 MeV electrons have enough energy to dis-
place Y (see Table 5). Hence, yttrium displacements ap-
pear to be necessary for Y,O;3 dissolution to occur.

Irradiations with electrons lead to a significant disso-
lution with a radius decrease proportional to the dose,
provided metallic atoms are displaced. To obtain oxide
dissolution, it is necessary to displace both the metallic
element and oxygen.

Table 5
The displacement threshold energy (Ey) for Y, Mg and O [6,7]
and the maximum transferred energy (E;) by 1 or 1.2 MeV
electron

E, E 1 MeV E 1.2 MeV
Y in Y,04 57 49 64
0 in Y,0; 57 271 357
Mg in MgO 55 178 235
0 in MgO 55 271 357

(iii) At the same fluence (33 dpa in the matrix) and at
the same temperature (400 °C), the oxides of
EM10 + MgO show a radius shrinkage of 5 nm under
300 keV argon irradiation and of 22 nm under 1 MeV
electron irradiation. It is well-known that only a fraction
of displaced atoms in cascade cores survives after the
first stages of the collision process. Assuming that in
our ions irradiations only one-third of the displaced
atoms survive as free point defects [8], an irradiation
up to 33 dpa with argon corresponds to an irradiation
up to 10 dpa with 1 MeV electrons, for which all the de-
fects are Frenkel pairs. For an irradiation at 400 °C with
1 MeV electrons up to 10 dpa, the radius shrinkage of an
oxide of EM10 + MgO is about 7 nm, as for an irradia-
tion up to 33 dpa with argon ions (about 5 nm). This
indicates that the free defects induce the dissolution.
The disorder induced by the displacement cascades has
a small influence. Nevertheless, this disorder seems to
have an effect on the amorphisation of the yttrium oxi-
des, since they become amorphous under ion irradia-
tions but not under electron irradiations, for similar
damage rate and temperature.

(iv) Nelson et al. [9] and Frost and Russel [10] have
modelled the phenomenon of particle dissolution by bal-
listic mechanisms: the atoms of the oxides have been put
in solution during the collisional process directly in the
surrounding matrix. We propose a simple model, based
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Table 6

Comparison between calculated and experimental decrease of diameter for magnesium oxides irradiated with 1 MeV electrons

T (°C) Fluence E, max (eV) O/Mg R (nm) O/Mg  Pinijas (nm)  Estimate ¢gna (nm)  Experimental ¢g,, (nm)
(dpa for matrix)

300 50 2717178 8/6 700 696 660

300 100 271/178 8/6 450 444 358

400 100 271/178 8/6 546 537 390

500 100 271/178 8/6 628 621 440

on these earlier models, in order to estimate the diameter
shrinkage of the oxides undergoing ballistic dissolution.
We have not taken care of back-diffusion, hence the
diameter shrinkage is overestimated.

This simplistic model will permit a determination of
whether only ballistic dissolution occurs or other mech-
anisms must be taken into account.

The rate at which solute atoms enter the matrix is the
rate at which there are recoils created in the oxide and
expelled into the matrix. This can be described as a
source generation term G(r) in the matrix, which de-
pends on the radius r from the oxide centre. All recoils
are assumed to travel a particular distance R, and to
occur randomly in all directions. The source term is
given by Gelles and Garner [11] as

G() = o (72— (-~ RP)

for r, <r <R and R < 2r,, (1)

with S the volumetric recoil generation rate and r, the
radius of the oxide.

Integration of Eq. (1) allows us to determine the
redeposition rate N:

e nS R
— 2 _ 22
N= /rp 4 G(r)dr = z (rpR — E) (2)

Assuming that the loss of volume of the oxide corre-
sponds to the volume of ejected atoms, the decrease of
diameter of the oxide during dr is

-rK (3R R
dr=—2—|————|dt 3
T3 <4r,, 16r;> ’ ®)
where K = Sv,, is the atomic displacement rate, and for
R>2rp

—r,K

dr = dz.

Then, the evolution of the oxide radius can be
determined

V(O) = rp7
r(t+ At) = r(¢) + Ar.
Table 6 compares the experimental final radius and

the calculated final radius for 1 MeV electron irradia-
tions of the oxides of EM10 + MgO ferritic steel. The

distance R is estimated with TRIM considering the
length of recoil of oxygen or magnesium atoms which re-
ceived an energy equal to the maximum energy trans-
mitted by the electron (E}) in a simulation with 1.2
MeV krypton ions (using complete cascade description).

This method over-estimates the decrease of diameter
since we did not take care of back-diffusion: we consid-
ered that the loss of volume is equal to the volume of
ejected atoms and we supposed that the transferred en-
ergy is the maximum one. Nevertheless, the experimen-
tal decrease is far more important than the calculated
one. The ballistic dissolution is not sufficient to explain
such an important diameter shrinkage under electron
irradiations.

Ultimately, it is necessary to take into account the
creation of point defects and their diffusion inside the
oxides leading to the diffusion of oxide elements (oxygen
and metallic atoms) in the surrounding matrix to explain
the dissolution. This is confirmed by the effect of temper-
ature on this phenomenon, showing the importance of
diffusion process.

5. Conclusion

A clad made with an ODS ferritic steel, called DY
(Fe-13Cr-1.5Mo + TiO, + Y,03) has been irradiated
in the French experimental Phénix reactor. Seven trans-
mission electron microscopy discs were taken along the
fissile column in order to improve the understanding
of the influence of temperature and dose in the micro-
structural evolution of this material. The matrix evolu-
tion is in agreement with the evolution of 9-14 Cr
ferritic steels under irradiation in the same conditions.
A new phenomenon under irradiation, the dissolution
of the oxides, is observed. Microstructural observations
indicate that oxide evolution consists in four
phenomena:

e The interfaces of oxide particles with the matrix
become irregular.

e The uniform distribution of the finest oxide (<20 nm)
disappears in the highly irradiated specimen (>60
dpa).

e A halo of fine oxides appears around the larger oxi-
des. The halo width is proportional to fluence.
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e The chemical composition of oxides changes, even
for low-dose irradiated specimens. The oxides lost
their aluminium and more titanium than yttrium.

There is no evolution of oxide dispersion for the spec-
imen irradiated at 400 °C up to less than 1 dpa, showing
that the oxide dissolution observed in the other speci-
mens irradiated at different temperatures with doses
greater than 30.5 dpa is due to irradiation and not to
thermal ageing. No temperature dependence of oxide
evolution is observed, except for the width of the halo
for specimens irradiated at high doses, which increases
with temperature.

Irradiation with neutrons shows the influence of dose
and, less significantly, of temperature. But this kind of
irradiation does not allow us to distinguish the influence
of inelastic interaction, Frenkel pairs or displacement
cascades formation because all these types of phenom-
ena are present. In order to improve the understanding
of the mechanisms of dissolution, DY and others ferritic
steels (Fe-9Cr) reinforced by Y,O3; or MgO were irradi-
ated with different charged particles:

e Irradiation with 1 MeV helium does not induce any
modification, neither in the chemical composition of
the particles nor in their spatial and size distribution.
Since in such thin samples most of the energy of
helium ions is lost by inelastic interaction, this result
proves that this kind of interaction does not induce
oxide dissolution.

o Irradiation with electrons leads to a significant disso-
lution of oxides with a radius decrease proportional
to the dose. These experiments prove that Frenkel
pairs can induce oxide dissolution.

e The comparison between irradiation with ions (dis-
placements cascades) and electrons (Frenkel pairs
only) shows the importance of free point defects in
the dissolution phenomena.

e A simple model shows that ballistic ejection of atoms
alone cannot be responsible for the observed loss of
diameter of oxide particles. Hence, the role of point
defects diffusion has to be taken into account, which

is in agreement with the existence of an effect of
temperature.
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