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Abstract⎯Transmission electron microscopy was used to study the effect of heavy-ion irradiation on the
structure and the phase state of three oxide dispersion strengthened (ODS) steels: ODS Eurofer, ODS 13.5Cr,
and ODS 13.5Cr–0.3Ti (wt %). Samples were irradiated with iron and titanium ions to f luences of 1015 and
~3 × 1015 cm–2 at 300, 573, and 773 K. The study of the region of maximum radiation damage shows that
irradiation increases the number density of oxide particles in all samples. The fraction of fine inclusions
increases in the particle size distribution. This effect is most pronounced in the ODS 13.5Cr steel irradiated
with titanium ions at 300 K to a f luence of 3 × 1015 cm–2. It is demonstrated that oxide inclusions in ODS
13.5Cr–0.3Ti and ODS 13.5Cr steels are more stable upon irradiation at 573 and 773 K than upon irradiation
at 300 K.
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INTRODUCTION

Oxide dispersion strengthened (ODS) steels have
been developed as structural materials for advanced
fission and fusion reactors [11]. Modern ODS steels
contain a great number of nanosized oxide inclusions,
most of which are yttrium oxides, providing perfect
operational properties of materials at elevated tempera-
tures (for example, high-temperature creep resistance)
[2, 3]. The atom-probe tomography studies of ODS
steels have revealed a large number of nanoclusters
enriched in a number of elements (Y, O, V, Ti, etc.).

The decisive role in the radiation stability of ODS
steels belongs to the stability of their strengthening
nanostructures. The earlier studies of the radiation
effect on the ODS Eurofer steel revealed the exchange
of chemical elements between nanoclusters and the
matrix [4–6] and obtained data indicating the dissolu-
tion of oxide particles during low-temperature (600 K)
irradiation [4].

This work is devoted to study of the effect of heavy-
ion irradiation on the structure evolution of ODS steels,
namely, ODS 13.5Cr, ODS 13.5Cr–0.3Ti (wt %), and
ODS Eurofer by transmission electron microscopy.
The changes in nanosized oxide inclusions after irra-
diation with 100-keV/nucleon Fe2+ and Ti2+ ions to
fluences of ~1015 and ~3 × 1015 cm–2 at 300, 573 and
773 K were investigated.

EXPERIMENTAL
Initial Materials

The following steels were analyzed: high-chro-
mium model steels1 Fe–13.5Cr–0.3Y2O3 and Fe–
13.5Cr–0.3Ti–0.3Y2O3 [7] and ODS Eurofer steel [3].
These materials were produced by mechanical alloy-
ing of the powders of initial base steel, yttrium oxide,
and titanium (in the case of alloy with addition of tita-

1 Hereinafter, ODS 13.5Cr and ODS 13.5Cr–0.3Ti steels.
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nium) in an attritor mill. The powders of the charge
materials were placed into steel capsules for degassing,
pressing, electron-beam welding of the capsule cap,
and compacting. The ODS Eurofer and ODS 13.5Cr
steels were produced using hot isostatic pressure
(HIP) at a pressure of 100 MPa and temperatures of
1150 and 1100°С, respectively. The ODS 13.5Cr–
0.3Ti steel was compacted by hot extrusion at 1100°C.
The ODS Eurofer steel was additionally heat-treated
under the following conditions: annealing at 980°C for
30 min and tempering at 760°C for 2 h. The high-
chromium ODS steels were not subjected to heat treat-
ment.

Irradiation Experiment

The effect of heavy-ion irradiation on the stability
of the nanostructure of the ODS steels was investi-
gated using transmission electron microscopy (TEM).
The materials under study were irradiated on a TIPr-1
accelerator (heavy-ion prototype) by 100-keV/nucleon
Fe+2 and Ti2+ ions (5.6 and 4.8 MeV, respectively)
[8, 9]. The calculations carried out using the SRIM
computer simulation tool showed that the region
where the number of radiation-induced defects is
maximum located at a depth l of 1.4 and 1.25 μm,
respectively, from the irradiated sample surface
(Fig. 1). The Kinchin–Pease model [10] was used for
calculating the equivalent irradiation dose (dpa).
ODS steel samples were irradiated to f luences of 1 ×
1015 and 3 × 1015 ion/cm2 at 300, 573, and 773 K.

Sample Preparation
Disk-shaped samples were 3 mm in diameter. The

samples were mechanically thinned to a thickness of
100 μm. The surface roughness of the samples was
controlled using atomic force microscopy before and
after irradiation. The roughness was less than 50 nm.

The samples were mechanically polished with a
SiC paper and electrochemically thinned in a 20%
solution of sulfuric acid and methanol at 18°C using
Tenupol-5 equipment for subsequent TEM examina-
tion. The initial and irradiated ODS steel samples were
examined by TEM in an FEI Tecnai F20 and JEOL
JEM 1200ЕХ transmission electron microscopes, and
the latter was equipped with an LaB6 cathode.

The samples taken from the region with the maxi-
mum damaging dose were prepared for TEM in two
stages. At the first stage, a layer 1.3 ± 0.1 μm thick was
electrochemically removed from the irradiated sur-
face. At the second stage, the samples were thinned
from the nonirradiated side.

RESULTS AND DISCUSSION
Examination of the Initial State

The data for quantitative comparison of the TEM
results obtained for initial states of the steels are listed
in Table 1. A microstructure analysis of the initial
states of the materials shows a bimodal grain size dis-
tribution for the high-chromium ODS steels (Fig. 2)
[7, 11]. The steel without titanium exhibits single
nanosized grains inside coarse grains ~6–8 μm in size,
the ODS 13.5Cr–0.3Ti steel contains agglomerates of

Fig. 1. Radiation damage profiles calculated using the SRIM program ((1) D(l) is the damaging dose) and the ion implantation
profiles ((2) change in the fraction of penetrated ions X2+) in iron specimen for Fe2+ ions (a) with energy of  5.6 MeV and for
Ti2+ ions (b) with energy of  4.8 MeV. The calculations were made for a f luence of 1015 cm–2.
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100–700-nm grains, and the ODS Eurofer steel
includes coarse ferrite grains with size of ~4–7 μm.

In the materials under study, the precipitation of
coarse particles along grain boundaries were observed:
up to 100 nm in ODS 13.5Cr(0–0.3)Ti and >200nm in
ODS Eurofer. The analysis of electron diffraction
patterns of ODS Eurofer which were selected in the
areas including those particles showed that they are
M23C6 carbides [12]. In the ODS 13.5Cr–(0–0.3)Ti
steel, coarse inclusions are yttrium or yttrium-tita-
nium oxides [7].

The high-chromium ODS steels exhibit a nonuni-
form spatial distribution of particles in the shape of
liner structures. These structures could be formed
during HIP of a material and they seem to be located
along edge dislocations or at the boundaries of the for-
mer grains. TEM dark-field images suggest a large
number of nanosized inclusions that possess the same

orientation within a grain and have the structure of
oxides. According to [7, 13], the stoichiometry of these
particles are Y2O3 and Y2Ti2O7, in the case of high-
chromium alloys.

Figures 3 and 4 demonstrate oxide particle size
(dODS) distribution histograms. The average size and
the number density of oxide inclusions are given in
Table 1. The addition of titanium to the steel (ODS
13.5Cr–0.3Ti) significantly reduced the average size
and increased the number density of oxide inclusions
in the material.

Examination of the Irradiated State

An analysis of the material microstructure after
irradiation with heavy ions showed the shape and size
stability of the grains at all temperatures. Irradiation
increases the number density of interstitial dislocation

Table 1. TEM quantitative analysis of the microstructure features of the initial state of the ODS Eurofer and ODS 13.5Cr–
(0–0.3)Ti steels using a FEI Tecnai F20 microscope

Characteristic ODS
Eurofer ODS 13.5Сr ODS 13.5Cr–0.3Ti

Grain size, μm: ferrite 4–7 6–8 6–8

martensite – 0.4–0.8 0.1–0.7

Carbide size, nm 50–800 – –

Oxides:

average size  nm 11 ± 6 10 ± 3 5 ± 2 

number density Nods, m–3 5 × 1021 8 × 1021 3 × 1022

Dislocation density, m–3 ~1014 ~1014 ~1014

ODS,d

Fig. 2. Typical bright-field images of the microstructure in steels (a) ODS Eurofer, (b) ODS 13.5Cr, and (c) ODS 13.5Cr–0.3Ti
in the initial state.

(a) (b) (c)50 nm 50 nm 50 nm
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loops in all samples. The density of loops in the mate-
rial volume with a high density of oxide particles after
irradiation was ~1014 m–2, and it was ~1016 m–2 in the
material volume with a low density of inclusions. The
observed effect confirms [14] that oxide particles play
the role of recombination centers and tend to reduce
the density of survived radiation-induced defects in
the region with a high density of oxides. Table 2 lists
the results of a quantitative analysis of oxide inclusions
in all irradiated samples.

The ion irradiation reduced the average size and
increased the number density of oxide inclusions in all
samples. The most pronounced effect was observed
for the ODS 13.5Cr steel irradiated by titanium ions up
to a dose of 2.4 dpa at 300 K. Figures 3 and 4 demon-
strate the change in the size distribution of oxide par-
ticles in the ODS steels. The irradiation by titanium
and iron ions up to a dose of 0.8 dpa at 300 K leads to
a shift in the size distribution of the observed inclu-
sions toward small sizes. This effect was also observed

Fig. 3. Oxide particle size (dODS) distribution histograms (β is the fraction of particles) in steels (a, b) ODS Eurofer, (c, d) ODS
13.5Cr, and (e, f) ODS 13.5Cr–0.3Ti in the initial state (solid thick lines) and after irradiation (thin lines) by (a, c, e) Fe2+ and
(b, d, f) Ti2+ ions at 300 K to a f luence of 1015 cm–2.
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Fig. 4. Oxide particle size (dODS) distribution histograms in steels (a, c, e, g) ODS 13.5Cr, and (b, d, f, h) ODS 13.5Cr–0.3Ti in
the initial state (solid thick lines) and after Ti2+ ion irradiation (thin lines) at (a, b) 300 K, (c–f) 573, and (g, h) 773 K to a f luence
of (c, d) 1015 m–2 and (a, b, e–h) 3 × 1015 cm–2.
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in the ODS 13.5Cr–0.3Ti steel irradiated up to doses
of 0.8 and 2.4 dpa at 300 and 573 K. The titanium ion
irradiation of the high-chromium ODS 13.5Cr steel at
300 and 573 K causes the formation of a new fraction
of particles with an average size of 3 ± 1 nm. The
observed changes in the size distribution of oxide
inclusions can result from the rearrangement of the
nanostructure (clusters and oxide particles) and the
redistribution of chemical elements between the nano-
structure constituents in the ODS steels during ion
irradiation. However, the size distribution of oxide
particles in the ODS 13.5Cr–0.3Ti steel in the initial
state and after irradiation with Ti2+ ions up to a dose of
2.4 dpa at all chosen temperatures remains stable.

CONCLUSIONS
(1) The evolution of the nanostructure of the ODS

Eurofer, ODS 13.5Cr, and ODS 13.5Cr–0.3Ti steels
was studied after heavy-ion irradiation at 300, 573, and
773 K. These ODS steels were irradiated with Fe2+

(5.6 MeV) and Ti2+ (4.8 MeV) ions up to a f luence of
3 × 1015 cm–2. It was found that a smaller number of
dislocation loops formed in the material with an
increased number of oxides. It is shown that irradia-
tion reduced the average size of oxide particles, which
could result from the cascade-induced dissolution of
coarse oxides.

(2) The previously performed atom-probe tomog-
raphy investigations, which revealed radiation-

induced changes in the chemical composition and the
number density of nanoclasters in the ODS steels, sug-
gest the redistribution of chemical elements between
nanoclusters, matrix, and oxide particles. However,
the size of oxide particles in the ODS 13.5Cr–0.3Ti
and 13.5Cr steels after irradiation by 4.8-MeV Ti2+

ions at 573 and 773 K remains the same. This effect
can be explained by the fact that the cascade dissolu-
tion of oxide particles is balanced by their growth due
to the diffusion flux of atoms to the oxides at high tem-
peratures.
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