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Oxide Dispersion Strengthened (ODS) steels with nano-scale oxides have

become one of the candidate materials used in advanced nuclear reactor

systems. A novel MX-ODS steel with extremely low carbon content was

irradiated with 3 MeV Fe ions at 550°C up to peak damage of 70 dpa. The

steel contains uniformly distributed Y2O3 nano-precipitateswith an average size

of 3.5 nm and a number density of 5 × 1022/m3. A V-rich shell was found

surrounding the core of Y, O, and Si at some particles. Two types of large

precipitates, Y-Ta-Si oxides, and VN, were observed in the steel instead of

carbides. Voids of very small size are present due to irradiation and the

calculated void swelling was only 0.004%, suggesting good irradiation

tolerance of the MX-ODS steel in this study. Fine and dense oxide nano-

precipitates and their shell-core structure remained stable while the shape

of large precipitates changed after irradiation.
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1 Introduction

Advanced nuclear reactor systems with higher safety, reliability, and thermal

efficiency are being developed as sustainable and clean energy sources. In the fourth

generation fission reactors and fusion reactors, structure materials have to sustain harsh

environments such as high temperatures and neutron irradiation of especially high doses,

and this sets a limit for the development of advanced nuclear reactors. Nanostructured

oxide dispersion strengthened (ODS) steels have become one of the promising candidate

materials because of their outstanding high-temperature properties and remarkable

tolerance to irradiation-induced swelling (Ukai et al., 2017; Odette, 2018). The oxide

nano-precipitates should be of small size, high number density, uniform distribution, and

should retain good stability in high temperature and irradiation environment. They could
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pin dislocations and grain boundaries, and could serve as defect

sinks to achieve good swelling resistance (Lin et al., 2021).

A series of ODS steels has been developed and tested to be

used as the fusion blanket structural material (Zinkle et al., 2017)

or in liquid lead-bismuth eutectic (LBE) or lead cooled reactors

(Kimura et al., 2011; Song et al., 2019). M23C6 carbides, which

commonly appear in ferritic/martensitic ODS steels and pin the

grain boundaries, would be unstable in the high-temperature

environment (Zheng et al., 2020), setting a limitation on the

working temperature for such ODS steels. A novel MX-ODS steel

with extremely low carbon content was developed (RUI, 2022) to

eliminate M23C6 carbides and take the advantage of MX (M = Ta/

V, X = C/N) precipitates as second-phase strengthening (Tan

et al., 2016).

Both MX and M23C6 phases suffered from instability

issues during irradiation, which may affect void swelling

and mechanical properties. Several studies have been

carried out to examine their stability under irradiation.

Kano et al. (2018a) suggested that the size of both MX and

M23C6 phase decreased slightly after ion irradiation of 50 dpa

(damage per atom). The reduction of the MX phase was less

severe than M23C6 in neutron irradiation according to Tan

et al. (2020), while Tanigawa et al. (2007) reported that TaC

disappeared when M23C6 reduced in size and became

amorphous after ion irradiation. Furthermore, the MX

phase of different elements responded differently to

irradiation. TaN dissolved under ion irradiation while TaC

and VN tended to further precipitate as reported by Tan et al.

(2014), depending both on their chemical compositions and

shapes. The excess vacancies created by irradiation can affect

the stability of the MX phase, and the properties of the second

phase may determine the behavior of point defects in return.

Thus, based on these previous results, it is determined that in

order to predict the response and the effect of the MX phase in

the MX-ODS steel during irradiation, more investigations still

need to be carried out in a systematic way.

In this work, a heavy ion irradiation experiment was

conducted on an MX-ODS steel with 3 MeV Fe ions at 550°C

to peak damage of 70 dpa. Ion irradiation with a high damage

rate, no sample activation, and economical efficiency, has been

widely used as a screening tool for alloy development (WAS,

2017). Fe ions were chosen to exclude the effects of injected

atoms of other types. The steel is envisaged to be used in the lead-

cooled fast reactor as fuel cladding with an outlet temperature of

550°C, which is slightly higher than the peak swelling

temperature in ferritic/martensitic steel at about 420°C–470°C

according to Toloczko et al. (2014). However, the peak swelling

temperature may shift due to the differences of melting

temperature of different steels. Considering a relatively good

resistance to swelling commonly expected for ODS steels, a peak

damage of 70 dpa was reached in the experiment. Such choice of

ion irradiation dose serves two purposes: 1) To clarify the

swelling resistance of the MX-ODS steel, and 2) To investigate

the stability of MX phases under ion irradiation to an

intermediate dose level.

In this work, the fine oxides of Y2O3 and large precipitates of

metallic oxides and VN were characterized in the as-received

materials first. Attention was paid to oxide nano-precipitates,

which contribute to the resistance of irradiation effects. Then

after irradiation, voids distribution and void swelling were

particularly concerned. The response of oxide nano-

precipitates to irradiation was examined as well.

2 Materials and methods

2.1 Materials preparation and
characterization

The MX-ODS steel used in this study was produced by

powder metallurgy. The pre-alloy powder smaller than

150 μm produced by gas atomization was mixed with 0.30 wt

% Y2O3 power with the particle size of 100–200 nm. Mechanical

alloying (MA) of the powder was conducted with grinding rotate

peed of 150 r/min for 90 h under the protection of high purity Ar

gas (99.99%). Then the powder was vacuum degassing and

consolidated by hot forging. Finally, heat treatment was

conducted at 980°C for 1 h and 750°C for 1 h. A detailed

fabrication process can be found elsewhere (Rui et al., 2022).

The chemical compositions are shown in Table 1. Carbon

content was controlled to an extremely low level to eliminate

carbides in the steel. The addition of N was expected to form the

MX phase (M = Ta, V, X = N) to strengthen the steel. A tempered

martensitic structure can be seen and the average grain size is

0.93 μm, as shown in Figure 1.

Non-irradiated specimens for TEM characterization were

prepared by jet electropolishing. Samples were mechanically

ground with SiC paper to less than 100 μm of thickness and

punched into 3 mm discs. A solution of 10% perchloric acid in

ethanol was used as an electrolyte and electropolishing was

conducted at −20°C with a potential of 19 V. A focused ion

beam (FIB) lift-out specimen with a thickness of 80 nm was

fabricated to examine the cross-section after irradiation. Another

FIB lift-out specimen was prepared in the same irradiation

sample, but in the area which was covered by part of the

holder during irradiation. Thus the specimen did not receive

irradiation but went through the same condition (a high

temperature of 550°C) during irradiation.

Microstructures of samples before and after irradiation were

characterized by field emission transmission electron microscopy

(TEM) using JEOL-F200 and Talos-F200X. Under-focus and

over-focus of both 1000 nm in bright-field TEM were used to

manifest voids. High angle annular dark field (HADDF) STEM

and energy-dispersive X-ray spectroscopy (EDS) were performed

for distinguishing and conducting the chemical analysis of

nanoparticles and precipitates in the samples.
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2.2 Irradiation experiment

The steel received was a rod with a radius of 7.5 mm. The

samples for the irradiation experiment were prepared by wire-cut

electric spark to a thickness of about 3 mm. The surfaces were

mechanically ground with SiC paper and then polished by

alumina paste. A vibratory polishing was conducted to remove

surface stress.

Ion irradiation experiment was carried out at the 320 keV

multi-discipline research platform for highly charged ions

equipped with the ECR (electron cyclotron resonance) ion

source in the Institute of Modern Physics, Chinese Academy

of Sciences (IMP, CAS). Samples were irradiated with 3 MeV Fe

ions at 550°C to a total fluence of 6.78 × 1016 ions/cm2. The

damage and injected Fe ion profiles along depth were calculated

using Stopping and Range of Ions in Matter (SRIM) 2013

(Biersack, 2013) with the Kinchin-Pease mode and the

displacement threshold energy of Fe was set to 40 eV

(Greenwood, 1985; Stoller et al., 2013). As illustrated in

Figure 2, the area from the surface down to the depth of

1.4 μm was influenced by irradiation and a peak damage of

70 dpa was obtained at a depth of around 0.8 μm.

3 Results and discussion

3.1 Microstructure of as-received samples

3.1.1 Oxide nano-precipitates
The dispersive nano-precipitates of small size and high

number density account for the advanced mechanical property

and resistance to irradiation void swelling of ODS steel. The

distribution, structure, and chemical composition of oxide nano-

precipitates are characterized and analysed as follows.

Nano-precipitates of high number density and near-uniform

distribution were observed in TEM bright field in Figure 3A.

Precipitate size distribution was calculated using TEM bright

field images and more than 1000 precipitates were measured, as

shown in Figure 3B. The size of oxide precipitates varies from

about 1 nm in diameter to 20 nm. Most of the precipitates are

under 10 nm and the average size is 3.5 nm. The thickness of the

TEM specimen prepared by electropolishing was estimated to be

100 nm and the number density of oxide precipitates is 5 × 1022/

m3. The size and number density of the oxide precipitates in this

ODS steel are the same levels as several kinds of ODS steels, with

a number density of 1022–1024/m3 and an average size from 2 to

10 nm (Klimiankou et al., 2005; Aleev et al., 2011; Hirata et al.,

2012; Wu et al., 2012; Rahmanifard et al., 2015; Liu et al., 2017).

Y2O3 powder was added to produce oxide precipitates and

the expected structure of nano-precipitates is Y2O3. TEM images

in Figure 4 show an oxide nano-precipitate with a diameter of

TABLE 1 Chemical composition of the MX-ODS steel (wt%).

C Cr N W Mn Ta V Y O H Si Al

0.0115 7.69 0.110 1.14 0.94 0.11 0.39 0.23 0.163 0.00021 0.0124 0.0052

FIGURE 1
A tempered martensitic structure of the as-received sample
with fine grains in TEM.

FIGURE 2
Damage (dpa) and implanted Fe ions distribution (%) along
depth calculating by SRIM.
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3.5 nm in the steel matrix together with its fast Fourier transform

(FFT) image. A structure of Y2O3 (PDF#01-075-3096) in the

direction of (0 2 2) can be seen. The d-spacings of 0.26 and

0.31 nm accord with the d-spacings of (4 0 0), (2 2 2) in Y2O3,

respectively, and the corresponding angles are 73 and 53°.

Structures of 10 nano-precipitates and their FFT were

examined and all of them were the same Y2O3 structure. No

specific orientation relationship between precipitates and the

steel matrix was observed.

The chemical compositions of Y-O nano-precipitates

acquired by EDS are shown in Figure 5. Precipitates vary

from 1 to 10 nm in diameter in the HADDF image. These

larger precipitates were chosen to illustrate element

distribution clearly. Precipitates of Y and O, lacking Fe can be

seen, and some of the precipitates contain Si and a small amount

of Ta as well. A shell structure of V surrounding oxide is clearly

demonstrated with the element map of Y and V. Element map of

Cr shows its slight aggregation around the oxides.

It has been reported that other trace elements, such as Mn, Si,

V, and Ta, could take part in the formation of oxide nano-

precipitates, and some of the precipitates with these minor

elements have different structures instead of Y2O3. Uchidi

et al. (2011) reported that in 9YWT ODS steel with an extra

1 wt% Si added, besides fine precipitates of Y2O3, complex oxide

of Y2SiO5 appeared during the annealing process after MA. An

atom probe tomography (APT) study of ODS-EURORFER

97 steel showed the presence of Mn and Si at both 5%–10%

in oxide precipitates (Williams et al., 2010). Klimenkov et al.

(2009) reported the presence of Mn inside nano-precipitates,

with a chemical composition of (Y1.8Mn0.2)O3 of the oxides in

ODS-EUROFER alloy by electron energy loss spectroscopy

(EELS). Mn seemed to dissolve in the Y2O3 phase and the

structure of oxides was not changed.

The presence of minor elements in oxide can be explained by

the formation enthalpy of their oxides. Among all the minor

elements in the MX-ODS steel in this study, the formation

FIGURE 4
TEM image of an oxide nano-precipitate with a diameter of 3.5 nm together with its fast Fourier transform (FFT) image, showing a structure of
Y2O3 (PDF#01-075-3096).

FIGURE 3
(A) High-density oxide nano-precipitates inside a grain in
TEMbright field. (B) Size distribution of nano-precipitates in the as-
received sample.
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enthalpy of Y2O3 consuming per mole O at 298 K is 635 kJ, the

largest, followed by SiO2 of 455 kJ, the second, and Ta2O5 of

409 kJ (Rumble, 2021). Oxygen prefers to form oxides with Y first

during the fabrication process since it is the most stable oxide

from thermodynamic perspectives. It is reasonable for Si to enter

the oxide precipitates of Y and O as its formation enthalpy is the

second highest. Considering the small amount of Si totally

contained in the steel (only 0.0124 wt%), even though it has a

different structure of binary oxide, Si in precipitates did not

influence the structure of Y2O3 of nano-precipitates.

The presence of shell structure around the oxide nano-

precipitates has been reported in several works of ODS

EUROFER steels. ODS EUROFER steel has similar chemical

compositions of minor elements with that of the MX-ODS steel

used in this study and Y2O3 oxide nano-precipitates are observed

in ODS EUROFER steel although the presence of large carbide is

also present due to higher carbon content. A Cr and V-rich shell

surrounding the oxide nano-precipitates of Y-O core or Ti-O

particles was reported (Williams et al., 2010; Oksiuta et al., 2013;

Fu et al., 2021). Klimenkov et al. (2009) suggested that a V-Cr-O

shell of 0.5–1.5 nm thickness formed around oxide nano-

precipitates. Besides, in the study of a model ODS alloy

containing Fe-12Cr-0.4 Y2O3 wt%, a Cr-rich shell of 3 nm

was found in some of the oxides, which were still present

after annealing for 96 h (de Castro et al., 2011b).

The formation of the shell structure of V and Cr around

nano-oxides can be explained by the following two reasons.

1) The originally formed oxides contained Cr and V and other

minor elements besides Y, and in the following process at high

temperature, V and Cr atoms were expelled from oxides due

to their weaker bond with O atoms compared with the bonds

with Y, Si, and Ta (Williams et al., 2010). With smaller

formation enthalpy of V and Cr, they were adjacent to O

in the oxide core as a shell structure. The distribution of

elements inside oxide nano-precipitates and the shell

structure around is the result of reaching lower energy

locally. In the study by Aleev et al. (2011), instead of a

V-shell around, V was found inside the oxide in ODS

EUROFER characterized by ATP, and the concentration of

V equaled or exceeded that of Y in some particles. This

suggests that V atoms were concentrated in the oxides at

one time, and might participate in the formation of oxides.

Therefore the later expelling of V out of oxides could be

possible.

2) The oxides originally formed with Y, and a small amount of

Si, Ta, with V and Cr diffusing and segregating around oxides

in the following process. Cr and V atoms have a relatively high

diffusivity in bcc-Fe. The trace diffusion coefficients of V and

Cr at 1150 K are in the order of 10−11 and 10−15 cm2/s,

respectively, both higher than that of Fe, which is in the

order of 10−15 cm2/s, but smaller than Cr (Choudhury et al.,

2011; Obrtlik and Kuöeka, 2022). Segregation of Cr along

grain boundaries was observed in some prior works (Zhou

et al., 2016). The interface of oxides nano-precipitates and the

steel matrix provides sites for segregation. The diffusion of

these elements at high temperatures during fabrication

resulted in their segregation around oxides.

3.1.2 Large precipitates
Common carbides formed in steel such as MC, M23C6 (M =

Fe, Cr, Mn) can be unstable during long-term high-temperature

conditions and irradiation environments. The coarsening or

dissolution of carbides results in the degradation of

FIGURE 5
HADDF image and EDS elemental mappings showing the chemical compositions of oxide nano-precipitates and shell-core structures.
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FIGURE 6
STEM image and elemental mappings of two types of large precipitates.

FIGURE 7
HADDF image and EDS elemental mappings of VN near an Y-Ta-Si type oxide. The area of TEM image in Figure 8 is illustrated with a yellow box.
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mechanical properties, threatening the safety of nuclear reactors

(Grybėnas et al., 2017; Kano et al., 2018b). MX-ODS steel in this

study was designed with extremely low carbon content to avoid

the formation of carbides. Carbides were not found in the TEM

examination of large areas in the electropolished specimens.

Two kinds of second phase precipitates of a rather large size

(more than 40 nm in diameter) were found both on grain

boundaries and inside the grains. The two types of large

precipitates can be distinguished by their chemical

composition and size.

The first type of large precipitates is the oxides of various

metallic elements characterized as bright structures in the STEM

images shown in Figure 6. The size of these oxides varies from

100nm to 250 nm and most of them contain Y, Ta, Si, thus

named Y-Ta-Si oxide in this article. These oxides possess

complex structures and some of them contain other elements

such as Mn, Cr and V.

The second type of large precipitates is the VN particles

characterized as dark structures in Figure 6. The size of VN

particles is from 40 to 200 nm and the average size is smaller than

100 nm. It is noticed that some of the two kinds of large

precipitates are present adjacent to each other, as indicated

with arrows in Figures 6, 7 also shows a Y-Ta-Si-type oxide

adjacent with VN, where the area of TEM image in Figure 8 is

illustrated with a yellow box. The structure of VN is shown in

Figure 8, with FFT of the TEM image in high magnification, in

accord with VN (PDF#00-035-0768) in the direction of (0 2 2).

3.1.3 Voids in as-received samples
Voids of very small size (less than 1 nm) and high number

density (about 1022/m3) were observed in the as-received

specimen prepared by electropolishing, in the FIB specimen of

unirradiated area, as well as in the area far from irradiation depth

in the irradiated FIB specimen, using over focus and under focus

in bright field TEM. Thus the presence of voids was not due to

FIB preparation or high temperature during irradiation. Figures

9A, B show the voids in the as-received sample. The distribution

of small voids was rather uniform and a preferred attachment of

small voids to nano-precipitates was not observed.

These pre-existing voids before irradiation were most

probably produced during the hot forging and hot rolling

process in the fabrication stage. Several works reported the

presence of voids in ODS steel fabricated by the HIP process.

It was reported that small voids of 2 nm in ODS-Fe12Cr or 5 nm

in ODS-Fe14Cr alloys and voids were frequently found near

oxide nano-precipitates, carbides, or Cr-rich precipitates (de

Castro et al., 2009; de Castro et al., 2011a). Positron

annihilation results of EUROFER steels with and without

oxide dispersive strengthened particles suggested that Ar

atoms were absorbed during the mechanical alloying process

and vacancy clusters were captured by the interface between

nano-precipitates and steel matrix, and hence, cavities nucleated

grow next to precipitates (Ortega et al., 2008). The fabrication

process of MX-ODS steel in this study included mechanical

alloying in Ar atmosphere and hot forging as well as hot

rolling instead of HIP. During the hot forging and hot rolling

processes, materials were densified through rapid plastic

deformation under high stress and the voids were not fully

eliminated, thus small voids exist.

3.2 Microstructure of samples after
irradiation

3.2.1 Precipitates
Oxide nano-precipitates were observed to be stable after

high-temperature irradiation. Uniform distribution of fine and

dense oxides was observed using HADDF as shown in Figure 10.

The image was captured at the depth of 400 nm below surface,

corresponding to a damage of about 35 dpa as calculated by

FIGURE 8
TEM bright field image of VN in high magnification, together with its FFT image showing a structure of VN (PDF#00-035-0768).
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SRIM. The oxides in the images presented an average size of

about 3 nm in diameter and their chemical compositions are

shown in EDS images. The nano-precipitates contained mainly Y

and O, with Si not clearly seen inside these oxides. A shell rich in

V is present clearly in the overlapped element maps of V and Y.

Distribution of Cr shows a slight gathering around the oxide

particles. It can be concluded that a shell-core structure remained

and the composition of oxides did not change after irradiation,

although a careful and detailed comparison of the shell-core

structures before and after irradiation can be hard using EDS.

The changes of oxide nano-precipitates after irradiation, such as

coarsening or dissolution of oxides, have been widely studied,

and in most cases, Y-O oxides remained stable after irradiation

(Wharry et al., 2017). In this study, the oxide nano-precipitates in

MX-ODS steel remained stable after self-ion irradiation, showing

a good tolerance to irradiation.

Large precipitates became unstable after irradiation, showing

an irregular shape instead of a perfect sphere. Due to the limited

irradiated area in the FIB specimen and a relatively low number

density of large precipitates, only three precipitates after

irradiation were observed and characterized, as shown in

Figure 11A. The three precipitates are at about 200, 300, and

900 nm in depth, respectively, corresponding to damage levels of

28, 33, and 70 dpa. The bright field images in Figures 11B, C and

HADDF image in Figure 11D show the irregular shape of the

precipitates, with several bulges attaching together and

comprising the precipitates. The three large precipitates have

crystal structures and contain various mantellic elements and O,

N atoms. Figure 11E shows the elementary mapping of the

precipitate in Figure 11D and it contains Cr, Mn, V, N, and

O. Pure VN was not found in the irradiation affected area. These

three large precipitates could be developed from Y-Ta-Si-type

oxides and VN since they appeared adjacently as mentioned

before. During irradiation, both excess point defects and

displacement cascade account for the instability of

precipitates. Binding between point defect and solute atom

could lead to the dissolution of atoms in precipitates where

point defect gradient occurs (Abe et al., 2014; Kano et al., 2018b),

while a number of atoms may be ejected when a displacement

cascade locates at least partly within a precipitate (Russell, 1993).

Shape change of precipitates was most probably caused by

dissolution and subsequent precipitation. Atoms were knocked

off the precipitates and dissolved into the matrix in displacement

cascades, then formed smaller precipitates clinging to the

original one.

3.2.2 Nano-voids and swelling
A much higher number density of voids appeared after

irradiation in the irradiation influenced regions. As shown in

Figure 9, voids are presented in bright and dark spots in under-

focused and over-focused TEM bright field images. Images in

Figures 9C, Dwere captured in the near-surface area, in the depth

FIGURE 9
Voids in under-focused and over-focused TEM bright field. Some of the voids are illustrated with arrows. (A,B) Voids in the as-received sample.
(C,D) Voids at the near surface area (0–100 nm in depth) of irradiated sample. (E,F) Voids in the irradiated sample in depth of 450–550 nm.
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FIGURE 10
HADDF image and EDS elemental mappings of oxide nano-precipitates after irradiation, captured in the depth of 400 nm, corresponding to a
damage of about 35 dpa.

FIGURE 11
(A) HADDF image showing three precipitates in the irradiated area. Large precipitates are indicated with arrows and the dpa and implanted Fe
ions distribution along depth are shown as lines in red and blue. (B,C) Bright field images of the upper precipitates. (D) HADDF image of the
precipitates at the depth of damage peak. (E) EDS elemental mapping of the large precipitate in (D).
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of 0–100 nm. Some of the voids are indicated with arrows in

order to be clearly identifiable.

The size of voids remained small and statistics of their sizes

can be fairly inaccurate, thus only numbers of voids in different

depths were counted. A series of under-focused and over-focused

TEM bright field images were captured along depth to calculate

voids number density in different depths. A number density of

1022/m3 was calculated in the FIB specimen prepared in the

unirradiated area. This statistics was set as a background to be

subtracted when estimating voids distribution produced by

irradiation.

The distribution of voids number density along depth, along

with the irradiation damage and implanted ions distribution

calculated by SRIM is shown in Figure 12. Voids of the largest

number density, a number density of four times that of the

unirradiated area, were observed at the depth of approximately

500 nm, shallower than the damage peak at 800 nm depth.

Another area with a high number density of voids appeared

at the surface of the sample, at a depth of about 50 nm.

Void swelling due to irradiation was estimated using the

number density of voids at 400–700 nm depth and an average

size of 1 nm in diameter. Voids in the depth of 450–550 nm were

shown in Figures 9E,F. Voids in this area was chosen to calculate

void swelling in order to reduce implanted ion effects near peak

damage area as well as to avoid the surface effect of the sample

surface. The following formula (Velikodnyi et al., 2022) was used

to calculate void swelling:

S � π/(6Ah)∑N
i�1d

3
i

1 − π/(6Ah)∑N
i�1d

3
i

· 100%

Where A and h stand for the area and the thickness of the images

examined, di and Ni stand for the diameter of i-void and number

of voids counted. The void swelling due to irradiation was only

0.004%, indicating a reasonably good resistance to void swelling

during irradiation. Besides, the pre-existing voids seem not to

grow to a larger size during irradiation.

Ferritic martensitic ODS steels present very small void

swelling compared to steels without ODS structure (Shao

et al., 2015). No voids were found or only 0.5% swelling

occurred at peak damage under 50 dpa (Tanaka et al., 2004;

Song et al., 2018). 0.05% and 1.5% swelling were found after self-

ion irradiation up to 800 dpa at 475°C in tempered martensite

and ferrite phases respectively (Chen et al., 2015). The void

swelling calculated in this study is reasonable compared to

previous observations by other researchers. The oxide nano-

precipitates with high number density, small size, and uniform

distribution contribute to the good void swelling resistance of

ODS steels. A large number of vacancies and interstitials are

produced during irradiation, resulting in a much higher

concentration of point defects in the steel matrix. Some of the

defects are captured by sinks such as dislocations, grain

boundaries, and free surfaces, becoming immobilized or

annihilated there (WAS, 2017). The diffusivity of interstitials

is higher than that of vacancies, leading to the supersaturation of

vacancies and hence the formation of voids. High-density nano-

oxides act as trapping sites for defects and delay the

supersaturation of vacancies, thus suppressing void swelling.

The sink strength contributed by line dislocations, grain

boundaries and oxide nano-precipitates were calculated and

oxides contributed the most in ODS steels (Song et al., 2018).

The ability of nano-precipitates to reduce freely migrating defects

is even better than that of dislocations and grain boundaries

according to a rate theory calculation (Liu et al., 2018).

The peak void number density appearing ahead of peak

damage calculated by SRIM is due to the following two

reasons. First, implanted Fe ions as extra interstitial atoms

entered the matrix, reducing vacancy concentration by

enhancing recombination between vacancies and interstitials

and suppressing void density. Second, the irradiation was

conducted at a relatively high temperature of 550°C, and the

thermal diffusion was enhanced and depth-dependent radiation

enhanced diffusion should be taken into consideration as well.

The affected area of implanted Fe ions may expand to a wider

range as suggested by Doyle et al. (2018). Thus, the peak void

swelling area was observed prior to the peak swelling depth.

A high number density of voids appeared in the near-surface

area because of a biased loss of interstitials to the surface. Planar

sinks such as grain boundaries or free surfaces can cause local

defect-depleted zones in irradiation since they capture free point

defects (Zinkle and Snead, 2018). Both interstitial-type and

vacancy-type defect clusters were found to deplete near

surfaces (Gigax et al., 2016; Short et al., 2016). Interstitials

diffuse faster than vacancies, resulting in a severe depletion of

interstitials. Therefore, the void swelling was enhanced in the

near-surface area.

FIGURE 12
Distribution of voids density along depth with the irradiation
damage and implanted ions distribution calculated by SRIM.
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4 Conclusion

A self-ion irradiation experiment was conducted on the MX-

ODS steel and samples before and after irradiation were

characterized using TEM. The following conclusions were obtained.

The MX-ODS steel in this study contains uniformly distributed

oxide nano-precipitates of small size and high number density. The

average diameter and number density of the nano-precipitates are

3.5 nm and 5 × 1022 /m3 respectively. The structure of fine oxides is

Y2O3. Some nano-precipitates contain Si and present a V-rich shell

surrounding Y and O. With an extremely low carbon continent, no

carbides such asM23C6 orMCwere found in the steel. Two types of

large precipitates, Y-Ta-Si oxides, and VN, are present in grains and

on grain boundaries, with a size of 100–250 nm and 40–200 nm

respectively.

Heavy ion irradiation of 3 MeV Fe was conducted at 550°C to

a peak damage of 70 dpa. After irradiation, fine and dense oxide

nano-precipitates and their shell-core structure remained stable

while large precipitates became instable, changing from globe to

irregular shape with humps. Voids smaller than 1 nm appeared

due to irradiation and the corresponding void swelling was only

0.004%, indicating a reasonably good swelling resistance of the

MX-ODS steel in this study. The largest number density of voids

occurred at the near-surface area and the depth ahead of peak

damage calculated by SRIM, and this can be explained by the

effects of implanted ions and the effects of surface.
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