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Abstract—Nanoscale mechanisms of radiation hardening of oxide dispersion-strengthened (ODS) heat-
resistant steels EP-450 ODS and EP-823 ODS have been investigated after irradiation with 5.6-MeV Fe?"
ions with varying doses of radiation damage up to 100 dpa and temperatures in the range 350—500°C. The
microstructure of the original and irradiated materials has been studied by transmission electron microscopy
(TEM) and atom probe tomography (APT). The strengthening of the radiation-modified layer of irradiated
samples has been studied by the dynamic indentation method. Initial state analysis of the steels has showed
that EP-450 ODS steel contains a larger amount of small oxide particles (up to 20 nm) compared to EP-823
ODS steel. In addition, the density of nanosized Y—Ti—Cr—O clusters in EP-450 ODS steel is ~10% m~3,
which is two orders of magnitude higher than that in EP-823 ODS steel. At low irradiation doses, EP8§23 ODS
steel demonstrates a higher radiation hardening rate at low irradiation temperatures compared to EP-450
ODS steel, and the rate of embrittlement decreases with increasing temperature. This is largely due to the for-
mation of nanosized radiation-induced Ni—Mn—Si clusters with a high density in EP-823 ODS steel under
the impact of irradiation. Other radiation-induced changes such as the rearrangement of the system of oxides
and Y—Ti—Cr—O clusters, the formation of clusters predominantly enriched in Cr, and the formation of dis-
location loops have been detected. It has been found that the radiation hardening of EP-450 ODS steel
increases with the irradiation dose. In general, both steels demonstrate similar hardening at high irradiation
doses.
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DOI: 10.1134/S1063778824090308

INTRODUCTION

A key element in the development of advanced
nuclear facilities is the core materials, which must
withstand high radiation loads (up to 200 displace-
ments per atom (dpa)) and operate in a wide tempera-
ture range (from ~350 to 700°C). Programs for the
development of materials that meet these require-
ments imply a transition from austenitic steels, which
are prone to radiation swelling, to heat-resistant fer-
ritic-martensitic steels [1, 2]. A high level of heat resis-
tance is provided by dispersion-hardened oxide
(DHO) ferritic-martensitic steels owing to a signifi-
cant number of uniformly distributed oxide inclu-
sions. The use of DHO steels is planned in many
fourth-generation reactor facilities: for example, as a
material for fuel element cladding in fast neutron reac-

tors or as a structural material for the first wall of
future thermonuclear reactors [3—8]. It has already
been demonstrated that DHO steels can withstand
required temperatures and doses of radiation damage
[9, 10]. The mechanical properties of DHO steels sig-
nificantly depend on the characteristics of the nano-
structure: the size and spatial distribution of dispersed
inclusions. Nanosized oxide inclusions are structural
objects that impede the movement of dislocations;
they can also ensure the capture of radiation defects
and gas impurities (primarily helium) formed during
transmutations.

Quantitative analysis of oxide inclusions in DHO
steels requires the use of several complementary meth-
ods of microscopic analysis. The main method for
analyzing inclusions was transmission electron
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Table 1. Chemical composition of the EP-823 DHO and EP-450 DHO steel (wt %), iron balance

Cr Si W Nb | Mo A\ Mn Ni Mg C Y Ti Cu o
EP-823 DHO | 10.44 | 1.57 | 0.8 0.35 | 0.8 0.29 | 0.65 | 0.63 — 016 | 0.5 | 0.2 — 0.27
EP-450 DHO | 13.1 0.23 [0.003| 0.35 | 1.61 | 0.18 | 0.44 | 0.12 |0.0067| 0.13 | 0.35 | 0.25 [0.0087| 0.32

microscopy (TEM) [2, 11—13]. Superfine oxide inclu-
sions and clusters are detected using small-angle neu-
tron scattering (SANS) [14—16] and small-angle X-
ray scattering (SAXS) [17—19]. The most effective
method for detecting the smallest inclusions is atomic
probe tomography (APT) [20, 21]. Thus, the chemical
composition of the inclusions larger than 5 nm is
determined quite well by the methods of energy-dis-
persive analysis available in modern TEM, and the
composition of inclusions on the order of nanometers
can be studied in detail only with the help of APT. The
APT studies have shown that the composition of
nanoclusters in DHO steels differs from the composi-
tion of stoichiometric oxides. DHO steels contain a
high density of nanoclusters enriched not only in Y
and O but also in other alloying elements Cr, V, Ti, ...
(present in the alloy composition) [22, 23]. Thus,
ODS Eurofer steel developed in Europe within the
framework of the program [24, 25] on thermonuclear
reactors contains Y,0; oxides [11, 12, 26] and nano-
clusters enriched in Y, O, Cr, V, and N [20-22]. It
should be noted that ODS Eurofer contains about
0.2wt % V, and this chemical element plays an
important role in the nucleation of clusters in ODS
Eurofer. Ti is considered to be the most effective
chemical element for the formation of nanostructures
in DHO steels [1, 23]. Clusters in DHO steels with Ti
in their composition are enriched in Y, O, and Ti, and
their bulk density is higher than the density of clusters
in ODS Eurofer (without Ti in the composition) [19,
22]. Clusters are an important element of the nano-
structure of DHO steels. Recently, it has been shown
that, only by taking into account clusters, it is possible
to correctly estimate the hardness of many DHO steels
on the basis of microscopy data, including TEM,
APT, and SANS analysis [27].

Since the enhanced performance properties of
DHO steels significantly depend on oxide nano-inclu-
sions (particles and clusters) uniformly distributed in
the matrix, close attention is paid to the study of the
stability of the nanostructure of DHO steels [9, 10, 28,
29]. The general mechanisms of the effect of irradia-
tion on ferritic-martensitic steels, as well as on the
nanostructure of DHO steels, are well known; how-
ever, a detailed understanding of the effect of irradia-
tion on the behavior of DHO steels has not yet been
achieved.

It has been shown that irradiation in steels at room
temperature can lead to the dissolution of large
(>10nm) oxides and the nucleation of clusters
enriched in Y, O and V or Ti and small (<5 nm) oxide
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inclusions [30]. Increasing the irradiation temperature
to 300°C and higher results in stabilization of oxide
inclusions in most cases (see review [10]). Recent
studies of a number of DHO steels have shown that
low-temperature irradiation can lead to dissolution of
large (>10 nm) and nucleation of small (<3 nm) oxide
inclusions in the steels containing large inclusions,
while this effect is suppressed in the steels with fine
inclusions [31, 32]. Note that radiation-induced
effects in DHO steels can significantly depend on the
initial nanostructure: the density and sizes of oxides
and nanoclusters. At low oxide inclusion densities,
effects close to those observed in traditional ferritic-
martensitic steels can be expected. In addition,
because of the restructuring of the steel nanostruc-
ture, irradiation can also lead to radiation-induced
effects characteristic of traditional steels. This behav-
ior is typical of industrially produced DHO steels,
while in model DHO steels and alloys of the latest gen-
eration, the densities of objects are maximally
increased (noticeably more than 10> m=3) with a
decrease in the sizes of these inclusions to 5 nm and
less. The noted features of the initial DHO nanostruc-
ture can significantly affect the behavior of DHO
steels under irradiation.

In Russia, a number of DHO steels are being devel-
oped, which are considered as materials for cladding of
fuel elements for fast neutron reactors. At present, a
wide range of products from EP-450 DHO [2, 13] and
EP-823 DHO [33, 34] has been mastered. The aim of
this work is a systematic comprehensive study of radi-
ation-induced changes in Russian DHO steels EP-450
DHO and EP-823 DHO in the field of low-tempera-
ture radiation embrittlement in a wide range of doses
of radiation damage under ion irradiation.

1. MATERIALS AND METHODS

This work studies the effect of irradiation on two
steels, EP-450 DHO and EP-823 DHO, developed at
JSC VNIINM. The samples in the form of plates mea-
suring 10 X 20 %X 0.4 mm were studied. The composi-
tion of the steels under study is presented in Table 1.
The final heat treatment included hardening from
1150°C (exposure for 30 min) and tempering at 740°C
for 2 h.

Preparation of samples for analysis of the initial
state and for irradiation was carried out in several
stages. At the first stage, blanks in the form of disks
with a diameter of 3 mm and a thickness of ~300 um
were cut from the original sample of the material using
Vol. 87
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electrical discharge cutting. At the second stage,
mechanical thinning of the material blanks was carried
out using SiC paper with a sequential decrease in the
grain size from 15 to 5 um. The final polishing was per-
formed using a suspension of colloidal silicon oxide
with a grain size of 40 nm. Electrochemical polishing
of the samples was performed to remove the material
layer damaged during mechanical thinning. At the end
of the sample preparation, the surface of the blanks
was cleaned from the electrolyte residues using etha-
nol. As a result, samples in the form of disks with a
diameter of 3 mm and a thickness of 210 £ 10 um were
prepared for the studies.

Before and after ion irradiation, the surface quality
of the prepared samples was controlled by atomic force
microscopy (AFM) using a MultiMode Nanoscope
IITa multifunctional scanning probe microscope. For
the original and irradiated samples, the average sur-
face roughness and the greatest surface profile height
were determined, which were no more than 17 and
110 nm after preparation and no more than 14 and
120 nm after irradiation.

Steel samples were irradiated on a TIPr-1 linear
accelerator (heavy-ion prototype) [35, 36] with abeam
of Fe?* ions with an energy of 5.6 MeV in a pulsed
mode with a pulse duration of 450 us and a repetition
rate of up to 2 s. The samples were irradiated in a vac-
uum of (1.5—6.0) x 10~7 Torr at temperatures of 350,
400, 450, and 500°C (the deviation from the specified
temperature was no more than 3°C [37]). The tem-
perature range was chosen to cover the temperature
range of low-temperature radiation embrittlement,
which determines the lower limit of the temperature
range for the operation of steels. It should be noted
that a number of studies have shown that the shift in
the temperature of ion irradiation of ferritic-martensi-
tic steels to compensate for the flax effect, compared
to reactor irradiation, is ~50—60°C [38, 39]. The
achieved irradiation fluences were (0.5, 1.0, 1.7) X
107 cm2, so as to achieve different doses of radiation
damage up to 100 dpa.

To calculate the damage profiles and ion implanta-
tion in the steel samples, the SRIM 2008 software
package [40] was used. Figure 1 shows the damage
profiles and the number of implanted ions when pure
iron was irradiated with 5.6 MeV Fe?* ions to a fluence
of 1.7 X 107 cm~2. The results of calculations show that
the region of maximum defect concentration and ion
implantation is located at a depth of ~1.4 and ~1.6 um
from the sample surface, respectively. For microscopic
analysis, an area at a depth of ~1 um, remote from the
surface and from the implantation zone, was selected.
For the maximum fluence, the proportion of
implanted Fe?* ions in the study area of the material
did not exceed 0.5 at %. Thus, for fluences of (0.5, 1.0,
1.7) x 10" cm™2, the doses of radiation damage in the
study area were 30, 60, and 100 dpa. In some cases, the
study was carried out at a depth of 0.5 pm, where the
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Fig. 1. Profile of radiation damage (solid line) and profile
ofion implantation (dashed line) during irradiation of pure
Fe with Fe?" ions with energy of 5.6 MeV to fluence of
1.7 % 107 cm™2. Radiation damage was calculated in the
Kinchin—Pease model with the energy of atomic displace-
ment from crystal lattice sites of 40 eV.

dose of radiation damage is two times less than the
dose at a depth of 1 um.

The effect of irradiation on the structural-phase
state of steels was studied using transmission electron
microscopy (TEM) and atomic probe tomography
(APT).

A HELIOS scanning electron-ion microscope was
used to prepare samples for TEM in the form of cross
sections from ion-irradiated steel samples. Samples
for further microscopic studies were prepared using a
focused beam of Ga™ ions at an accelerating voltage of
5 kV. In order to minimize the thickness of the amor-
phized layer formed during the interaction of the
material with the Ga* ion beam, the lamellae were
polished at an accelerating voltage of 2 kV. The length
of the cut TEM lamella of the material is ~4—5 um.
Thus, according to SRIM calculations, the size of the
cut completely covers the region of maximum intro-
duced damage and the region of ion stoppage in the
material.

To study the microstructure of the samples, a Tec-
nai Osiris transmission electron microscope (FEI,
United States) with a high-brightness electron source
(X-FEG) and an accelerating voltage of 200 keV
was used. The local chemical composition of the
material was determined using a SuperX energy-dis-
persive X-ray spectrometer (FEI).

To study the initial state of the steels using atomic
probe tomography methods, needle-shaped samples
were prepared from the original plates. When analyz-
ing the initial state of the materials, blanks measuring
0.3 x 0.3 x 15 mm were made by electrical discharge
cutting in water. These blanks were then polished in
bulk and a drop of a 2% solution of perchloric acid in
dibutoxyethanol at a voltage of ~10 V. When studying
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Table 2. Average size and bulk density of oxide particles in
the initial state of EP-450 DHO and EP-823 DHO steels

. Average size of Bulk density of
Material . . _
oxides, nm oxides, 102! m™3
EP-450 DHO 10x+4 34+0.7
EP-823 DHO 15+5 24+0.5

the irradiated materials, the samples for tomographic
atomic probe studies were also prepared using a
HELIOS NanoLab 600 scanning electron micro-
scope. The studied volume of material was extracted
from a depth of ~1 um from the irradiated surface. The
extracted volume was attached to a massive base and
then polished with 30 keV Ga ions to a needle shape.
The final polishing of the tip to the required dimen-
sions (£100 nm in diameter) was performed with Ga
ions with energy of 2 keV. The final shape of the sam-
ples was controlled in a JEOL 1200 EX transmission
electron microscope.

A PAZL-3D atomic probe tomograph with laser
evaporation was used for the study using the APT
methods [41]. The conditions of the study were as fol-
lows: the temperature of the sample was 50 K, the volt-
age on the sample was 2—10 kV, the laser wavelength
was 355 nm, the laser pulse frequency was 100 kHz,
the evaporation rate was from 2 to 25 atoms per 1000
laser impacts, the laser power was selected so that the
ratio of singly and doubly charged ions was in the
range from 100 to 500 relative units, and the pressure
in the analysis chamber was no higher than 1 x 10~°
Torr. Atomic probe data were processed using the
KVANTM-3D software [42]. The algorithm for
reconstructing 3D atomic maps is based on a common
algorithm for determining the radius of curvature of
the tip of the sample on the basis of the stress on the
sample [43] and selecting the image compression fac-
tor (ICF) [44]. The mass spectrum was reconstructed
and optimized according to the protocol [45].

The strength characteristics of the steel samples in
the initial state and after ion irradiation were analyzed
using a NanoScan-4D scanning nanohardness tester
with a Berkovich-type diamond triangular pyramid
indenter. The indentation diagram was recorded and
the hardness and elastic modulus were then calculated
according to GOST 8.748-2011 (ISO 14577). The
measurements were performed in the dynamic inden-
tation mode [46] with the following indenter parame-
ters: immersion depth of 2.5 wm; loading time of 60 s;
oscillation frequency of 10 Hz; oscillation amplitude
of 20 nm.

In order to eliminate the “indenter size effect,”
which is expressed as a nonlinear dependence of the
hardness H on the indentation depth 4, the model of
“geometrically necessary dislocations” proposed by
Nix and Gao in [47] was used. On the Nix—Gao dia-
gram, the hardness of the irradiated layer of the sam-
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ple was determined as a result of a linear approxima-
tion of the points of the H? versus 1/h graph in the
range from 4.3 to 10.0 um~!, which corresponds to an
indenter depth from 100 to 240 nm. To determine the
correspondence between the indentation depth and
the actual thickness of the sample layer, the following
rule was used: the indentation depth corresponds to
the layer thickness that exceeds the indenter immer-
sion depth by six times [48].

Atomic force microscopy (AFM) was used to
account for the plastic ridges that arise along the edges
of the indentations. The appearance of plastic ridges
leads to an underestimation of the contact area com-
pared to the actual one and, as a result, to biased esti-
mates of the material hardness. At least four indenta-
tions were scanned on each sample using AFM to
determine the ratio of the hardness obtained using the
nanohardness tester to the real hardness (calculated as
the ratio of the load to the indentation area). The cal-
culation was carried out using the formula proposed
in [49]:

Hy o /H =+ hyy/h), (1)

where H,_, is the hardness measured during instru-
mental indentation, 4, is the indentation height, 4,
is the residual indentation depth, and H is true hard-
ness of the material.

The coefficients obtained in this way for each series
of measurements were used to correct the hardness
values of the irradiated layer of the samples under
study.

2. RESULTS OF TEM STUDIES

The TEM studies, including scanning transmission
electron microscopy (STEM), showed that EP-450
DHO steel mainly consists of sorbite grains elongated
in one direction with characteristic sizes from 0.3 um
to 10 um. An insignificant proportion of rounded
delta-ferrite grains with sizes in the range from 0.5 um
to 8 wm was also found.

Oxide particles are observed inside the grains of
EP-823 DHO and EP-450 DHO steels, partially
coherent with the matrix and having a weak contrast in
TEM images, obtained in the bright field mode. Typ-
ical HAADF images of oxide particles in the studied
materials are shown in Figs. 2a and 3a. The results of
the quantitative analysis of the observed oxide parti-
cles in the initial state of the studied DHO steels are
presented in Table 2.

Second-phase precipitates ~10—20 nm in size are
mainly oxides of the Y,Ti,O, type, which are semi-
coherent with the ferrite matrix of steel. They also
contain oxide particles of the Y,TiOs type and others.
Note that, in the region of small sizes (less than 10 nm),
it is quite difficult to establish stoichiometry. In addi-
tion, the steels under study contain large oxide parti-
cles larger than 60 nm, as well as carbides of the MC or
Vol. 87
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Fig. 2. Typical HAADF image of oxide particles in the EP-450 DHO steel: (a) in the initial state and irradiated to a dose of 60 dpa;

(b) at 350°C; (c) at 500°C.

1+ 50nm

r— 50nm

Fig. 3. Typical HAADF image of oxide particles in the EP-823 DHO steel: (a) in the initial state and irradiated to a dose of 60 dpa;

(b) at 350°C; (c) at 500°C.

M,;C¢ type. The bulk density of large oxides is

~10" m~3, which is two orders of magnitude less than
the bulk density of small oxides. In this regard, only
oxides smaller than 60 nm in size were taken into
account in the quantitative analysis, and the contribu-
tion of larger objects to the obtained oxide character-
istics was estimated as insignificant.

The key difference between the studied samples of
the materials studied in this work is the spatial distri-
bution of small oxides: EP-450 DHO steel is strength-
ened by oxide particles of smaller size and with a
higher bulk density than oxides in EP-823 DHO steel.

In the microstructure of EP-450 DHO steel irradi-
ated with Fe ions to a dose of 30, 60 and 100 dpa at 450
and 500°C, the formation of nanosized pre-precipita-
tions is observed (Fig. 2c). Low contrast relative to the
matrix and small sizes (<5 nm) of pre-precipitations
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complicate their quantitative analysis by TEM meth-
ods. However, the bulk density of the observed clusters
increases with increasing irradiation temperature.
Presumably, there is a decomposition of the chro-
mium matrix of EP-450 DHO steel after ion irradia-
tion at high temperatures.

In the presented images of EP-823 DHO steel irra-
diated with ions, contrasting light areas in the form of
individual dots are observed inside large oxide parti-
cles (>10 nm) (Figs. 3b and 3c). In addition, the for-
mation of nanosized objects with high density around
large oxides was detected. Because of the extremely
small size (<3 nm) of these objects, their quantitative
analysis by transmission electron microscopy is
impossible. The observed effect can be explained by
the redistribution of chemicals between the oxides and
the matrix of the material as a result of radiation-
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Fig. 4. Histograms of size distribution of oxide particle in steel: (a) EP-450 DHO, (b) EP-823 DHO in the initial state and after
irradiation with 5.6 MeV Fe®" ions at 500°C to a dose of 100 dpa.

induced breakdown of oxide particles under irradia-
tion. At a dose of 60 dpa, the breakdown of particles is
more pronounced than at 30 dpa, but the dependence
of the effect on the irradiation temperature is not
observed.

Quantitative analysis of the observed oxide inclu-
sions in the studied materials showed that, in EP-450
DHO steel irradiated at 500°C, an increase in the pro-
portion of oxides smaller than 10 nm is observed by
~5% and ~15% for the doses of 60 and 100 dpa (Fig. 4a),
respectively. In the EP-450 DHO steel samples irradi-
ated to 60 and 100 dpa at 350°C and 400°C, a shift in
the oxide size distributions toward large oxides (larger
than 10 nm in size) was detected. A slight increase in
the proportion of large oxides occurs after irradiating
EP-450 DHO to 60 dpa at 450°C.

In the EP-823 DHO steel, after irradiation to doses
of 60 and 100 dpa, dissolution of large oxide inclusions
(larger than 10 nm in size) was detected with the for-
mation of a new fraction of small oxides (less than
10 nm). An increase in the irradiation temperature
leads to an increase in the observed effect and an
increase in the proportion of oxides smaller than 10 nm
in size by ~55% at 500°C (Fig. 4b).

Figures 5 and 6 show the graphs of the dependence
of the bulk density and average size of oxides on the
irradiation temperature in the studied DHO steels
irradiated to doses of 30, 60, and 100 dpa. In the EP-
823 DHO steel samples irradiated to a dose of 30 dpa,
the average sizes of oxides and their bulk density
remain virtually unchanged compared to the initial
state at all irradiation temperatures of 350—500°C.
With an increase in the irradiation dose to 60 and then
to 100 dpa, a clear tendency towards a decrease in the
average sizes of oxides is visible. The bulk density of
oxides increases with an increase in the dose from 30
to 60 dpa, but for temperatures of 400 and 450°C, no
changes are found in the dose range of 60—100 dpa,
and at 500°C, there is a decrease in the density of
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oxides upon the transition from 60 to 100 dpa. The
highest bulk density of oxide inclusions is observed at
an irradiation temperature of 400°C and for a dose of
100 dpa and is (5 + 1) x 102! m—3 with an average oxide
size of (8 £ 3) nm.

Oxide particles in EP-450 DHO steel are relatively
more stable under irradiation. Some decrease in the
average oxide size and increase in density with an
increase in the irradiation dose of EP-450 DHO steel
is observed only for 450 and 500°C.

Thus, smaller oxides (on average 10 nm) in the
EP-450 DHO steel are quite stable: at temperatures of
at least 400°C, they first grow and then gradually
decrease. In this case, their growth is accompanied by
a slight decrease in the density, and then with a
decrease in the size, the density increases. Larger
oxides (on average 15 nm) in EP-823 steel decrease
with an increase in the irradiation dose, and their den-
sity increases with the dose.

In addition to the radiation-induced rearrange-
ment of the nanostructure of the ferritic-martensitic
steels, the formation of dislocation loops, a character-
istic radiation defect in ferritic-martensitic steels, was
detected under irradiation. Figures 7 and 8 show typi-
cal STEM images of the studied steel samples irradi-
ated to a dose of 60 dpa at 350°C and 500°C. The fig-
ures also show deciphered diffraction patterns that
determine the current orientation of the studied grain
relative to the zone axis. The sets of images were
obtained from the grains oriented along the zone axis
of the (100) and (110) types.

The detected loops were of the a(100) type. The
number of registered loops of the 1/2a(111) type was
negligibly small. The thickness of the TEM lamellae
was measured using the characteristic electron energy
loss spectroscopy (EELS) method. The quantitative
analysis of the observed radiation-induced structural
defects and the dependence of the bulk density and the
Vol. 87
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average size of dislocation loops on the irradiation
temperature in all the studied states are shown in Figs. 9
and 10.

The most obvious dependences for both EP-450
DHO and EP-823 DHO steels are observed with an
increase in the irradiation temperature from 350 to
500°C: the average size of dislocation loops increases,
and the density decreases. When irradiated to 100 dpa
at a temperature of 500°C, the average loop size in
EP-450 DHO steel is 12 £ 4 nm, and in EP-823 DHO
steel, it is 14 & 6 nm. It is quite difficult to note obvious
dose dependences, although in most cases, at a maxi-
mum irradiation dose of 100 dpa, the loop size is
slightly higher, and the density is lower compared to a
dose of 30 dpa.

Local chemical analysis of the studied samples
after irradiation to a maximum fluence of 1.7 X
107 cm~2 was performed using X-ray energy-disper-
sive spectroscopy methods. Bright-field STEM

PHYSICS OF ATOMIC NUCLEI  Vol. 87

No.9 2024

images of the EP-450 DHO and EP-823 DHO steels
taken in the HAADF mode at a depth of 0.5 pm
(where the irradiation dose was 60 dpa), as well as the
maps of chemical elements corresponding to the
selected areas, are shown in Figs. 11 and 12. In the
studied DHO steels irradiated with ions at 400, 450
and 500°C, the formation of pre-precipitations
enriched in Cr is observed. The most intense decom-
position regarding chromium is observed at 450°C. In
addition, areas enriched in Ni were found in the steels.
The highest density of pre-precipitations enriched in
Ni is observed in the samples irradiated at 450°C. In
all the studied samples, particles enriched in Y, Ti, and
O were found, as well as particles enriched in Al (pre-
sumably Al,O3). In the EP-450 DHO steel, particles
enriched in Nb and Ti are present (Fig. 13).

For a more accurate assessment of radiation-
induced changes in the local chemical composition
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Fig. 7. Bright-field STEM images of dislocation loops in the EP-450 DHO steel irradiated with 5.6 MeV Fe2" ions to a dose of
60 dpa at a temperature of (a) 350°C and (b) 500°C. The diffraction patterns from the studied grains with the orientation to the

incident beam are shown: (a) [100] and (b) [110].

and nanostructure of the materials, an APT study was
further carried out.

3. RESULTS OF RESEARCH BY APT METHODS

3.1. Atomic Distributions in the Initial State
of DHO Steels

In EP-450 DHO steel, the APT method revealed a
noticeable number of nanosized clusters and matrix

Table 3. Concentrations of chemical elements in the
matrix, in the studied volume, and in clusters for EP-450
DHO steel in the initial state, at %

Element Matrix Clusters
Cr 153+£0.3 18+ 1
Si 0.45+£0.06 0.23+0.1
Mn 0.47 £ 0.06 0.6+0.2
v 0.32 £ 0.05 1.0+ 0.2
C 0.02 £ 0.01 0.03 +£0.03
Fe 82.4+0.3 44+ 1
Ni 0.20 £ 0.04 —

Ti 0.04 £0.02 14.1+0.9
Mo 0.76 £ 0.08 0.6+0.2
O 0.09 £0.03 16.2+0.9
Y — 3.9+0.5
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regions enriched in a number of chemical elements; in
addition, they are difficult to resolve by TEM meth-
ods, unlike oxide particles of the same size, since they
do not have their own crystal lattice. Clusters of EP450
DHO steel are predominantly enriched in Cr, Ti, Y,
and O and to a lesser extent in Mo, Ni, Mn, and V
(hereinafter, we will call such formations Y—Ti—Cr—O
clusters). Unlike oxides, which contain mainly Y, Ti
and O, clusters contain these elements in smaller
quantities and are also enriched in Cr and V. The aver-
age cluster size is (4 £ 1) nm, and the bulk density is
~3 x 102 m~3. Figure 14 shows the atomic maps of one
of the studied bulks. The average content of chemical
elements in the bulk and clusters, as well as in the matrix
surrounding the clusters, is presented in Table 3.

Analysis of the three-dimensional distribution of
atoms by atomic probe tomography methods of the
initial state of EP-823 DHO steel did not reveal any
peculiarities. Almost all studied bulks represent a
homogeneous solution. Only in one of the studied
bulks, a Y—Ti—Cr—O cluster ~5 nm in size (Fig. 15),
enriched in Cr, O, Ti and Y (Table 4), was detected.
This result is in good agreement with the STEM
results, according to which the bulk density of small
oxide inclusions is low and amounts to ~10>! m—3. The
probability of detecting such objects with such a low
bulk density by the APT method is extremely low.

Thus, EP-450 DHO and EP-823 DHO steels have
a fundamental difference on the nanoscale. In EP450
Vol. 87

No.9 2024
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Fig. 8. Bright-field STEM images of dislocation loops in the EP-823 DHO steel irradiated with 5.6 MeV Fe2* ions to a dose of
60 dpa at a temperature of (a) 350°C and (b) 500°C. The diffraction patterns from the studied grains with the orientation to the

incident beam [100] are shown.
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Fig. 9. Dependence of the average size of dislocation loops on the irradiation temperature at damaging doses of 30*, 60, and
100 dpa in steels: (a) EP-450 DHO and (b) EP-823 DHO. *The dose of 30 dpa is achieved at a depth of 0.5 um in the steel samples

irradiated to 60 dpa.

DHO steel, a significant number of Y—Ti—Cr—O clus-
ters was found, which are typical of many DHO steels,
while in EP-823 DHO steel, such clusters are practi-
cally absent.

3.2. Atomic Distributions in DHO Steels after Irradiation

The initial state of EP-450 DHO steel is character-
ized by the presence of a large number of oxide clusters
of the Y=Ti—Cr—O type (~102 m~3). The APT studies

PHYSICS OF ATOMIC NUCLEI Vol.87 No.9 2024

after the irradiations showed that the nanostructure of
EP-450 DHO steel is very stable, and a large number
of Y—Ti—Cr—O clusters were also found in most of the
studied irradiated states. An example of an atomic map
of irradiated EP-450 DHO steel is shown in Fig. 16.
The detected clusters have sizes from 2 to 5 nm and
bulk density of ~102 m~3 (Figs. 17 and 18).

It is evident from Figs. 17 and 18 that, with each
step of increasing the irradiation dose, clusters (with a
density of 1022—10% m~3) are detected starting from a
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higher temperature. Thus, at 30 dpa, clusters are
detected at 350°C and higher temperatures; at 60 dpa,
starting from 400°C; and at 100 dpa, starting only from
450°C.

After irradiation up to 30 dpa, with increasing tem-
perature, a tendency towards a slight decrease in the
average cluster size is observed, while the bulk density
varies from temperature to temperature in a wide range
of values from ~2 x 10% to ~6 x 10> m~3. Such fluc-
tuations in the bulk density can be associated with the

Table 4. Values of concentrations of elements in the studied
volumes of solid solution of EP-823 DHO steel (content of
chemical elements is given in at %)

Matrix Ti—O-Y cluster

Fe 83.5+£0.6 62+ 1
Cr 11.3+0.5 174 £ 0.8
Si 2.41+0.2 1.7£0.3
A% 0.5+0.1 2.5+0.3
Mn 1.0+ 0.2 1.41£0.3
Mo 0.36 £ 0.09 0.3x£0.1
C 0.02 £0.02 0.6+0.2
Ni 0.38 £ 0.09 1.21£0.3
0] 0.10 £ 0.05 49+0.5
N 0.05 £0.03 1.3+0.2
Cu 0.08 £ 0.04 0.4+0.1
Co 0.01 £0.02 0.03 £0.03
W 0.18 £ 0.06 0.4+0.1
Ti 0.09 £ 0.04 44105
Y — 1.5+£0.3
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locality of the method and the heterogeneity of the
material itself from grain to grain. In addition, the
STEM method showed that a large number of nano-
sized objects are formed around a large oxide particle
under irradiation. The APT study zone that fell into
such an area may lead to some distortions in the den-
sity assessment.

After irradiation to a dose of 60 dpa and 100 dpa,
the average cluster size remains stable within the error
from temperature to temperature for both doses. The
bulk density of clusters under irradiation to 60 dpa
does not change with an increase in temperature from
400°C to 450°C (~3 x 10?2 m~3) and increases signifi-
cantly at 500°C to ~102 m=3.

Figure 19 shows a histogram of cluster enrichment
relative to the matrix. After irradiation to 30 dpa, no
qualitative changes in the composition of Y—Ti—Cr—O
clusters occur at different temperatures. Just as in the
initial state, they are enriched in Cr, Ti, O, and Y to
varying degrees. However, at 400°C, these clusters are
depleted in Cr.

At 60 dpa, noticeable changes occur in the compo-
sition of Y—Ti—Cr—O clusters. At 400°C, enrichment
in Y and O increases by several times, and insignifi-
cantly in Cr compared to the same temperature at
30 dpa. With increasing temperature, a tendency is
observed for an increase in enrichment of clusters in
Cr and for a decrease in enrichment in other elements.

The Y—Ti—Cr—O clusters found at temperatures of
450°C and 500°C after irradiation to 100 dpa differ in
their chemical composition from the clusters found at
lower doses. Enrichment in Cr corresponds to the level
of the initial state, and the Y content is less than its
content in the clusters of the initial state. The clusters
consist mainly of Ti and O. Moreover, with an
Vol. 87

No.9 2024
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Fig. 11. Bright-field STEM images and corresponding EDX maps of chemical elements of the EP-823 DHO steel irradiated to
60 dpa at 350, 400, 450, and 500°C (fluence of 1.7 x 107 cm_2, study at a depth of 0.5 um from the irradiated surface).
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Fig. 12. Bright-field STEM images and corresponding EDX maps of chemical elements of the EP-450 DHO steel irradiated to
60 dpa at 350, 400, 450, and 500° (fluence of 1.7 x 10'7 cm™2, study at a depth of 0.5 m from the irradiated surface).
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Fig. 13. Bright—field STEM image and EDX maps of Nb and Ti of the EP-823 DHO steel irradiated to 60 dpa at 350°C (fluence
of 1.7 x 10! cm72, study at a depth of 0.5 um from the irradiated surface).

increase in temperature to 500°C, their enrichment in
these elements increases.

After irradiation to 60 dpa at temperatures of 450°C
and 500°C, clusters enriched in Cr and C were found.
The presence of decomposition regarding Cr at high
irradiation temperatures was noted by the STEM
method, but it was not possible to conduct a quantita-
tive analysis of this effect. Figure 20 shows the enrich-
ment of Cr—C clusters relative to the matrix. The
enrichment in Cr is tens of at % and in carbon is units
of at %. Moreover, their enrichment in these elements
increases with increasing temperature. The average
size decreases from 8 to 4 nm, and the bulk density
increases by an order of magnitude from 10* to 102 m=3
with increasing temperature (Figs. 16 and 18).

The characteristics of clusters in the EP-823 DHO
steel upon irradiation are fundamentally different
from those in the EP-450 DHO steel. A significant
number of radiation-induced clusters of the Ni—Mn—Si
type are detected after irradiation up to 30 dpa (Fig. 21).
The average size of Ni—Mn—Si clusters ranges from 2
to 6 nm (Fig. 22a), and the bulk density varies from
1022 to 102 m—3. Figure 23 shows the enrichment of
these clusters relative to the matrix.

A number of correlations between the characteris-
tics of Ni—Mn—Si clusters and the irradiation param-
eters were found. At a temperature of 350°C at doses
of 30 and 60 dpa, the bulk density of these clusters is
102 m—3, and a decrease in the density with increasing
the dose is observed. At 100 dpa, the clusters were not
included in the study area, which indicates that their
bulk density is 10> m~3 or lower.

At 400°C, with an increase in the irradiation dose,
there is an increase in the average size of Ni—Mn—Si
clusters from 2 to 5 nm with a simultaneous decrease
in their bulk density. It should also be noted that the
average cluster size does not depend much on the irra-
diation conditions and varies from 2 to 6 nm. One can
talk about an increase in the cluster size at tempera-
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tures of 400 and 450°C, and it hardly changes at 350
and 500°C. The bulk density of clusters decreases with
the dose at temperatures of 350 and 400°C; at 450°C,
the density first increases and then decreases.

A detailed analysis of the composition of radiation-
induced clusters shows that they are enriched not only
in Ni, Mn, and Si but also in Cu (Fig. 24). With an
increase in the irradiation temperature at 30 dpa, a
tendency towards an increase in the enrichment of
clusters in Cu and Mn is observed. In addition, there
is an opposite effect at 60 dpa, the enrichment in these
elements decreases.

Similar trends were not revealed in the enrichment
of Si and Ni with an increase in temperature during
irradiation to a dose of 30 dpa. The enrichment of
clusters in Si varies from 5 to 14 at %. The enrichment
of clusters in Ni varies from 10 to 18 at % at tempera-

10 nm

Fig. 14. Atomic maps of one of the bulks of the EP-450
DHO steel in the initial state.
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Fig. 15. Atomic maps of one of the bulks of the EP-823 DHO steel in the initial state.
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Fig. 16. Atomic maps of one of the bulks of the EP-450 DHO steel irradiated to 60 dpa at 400°C.

tures of 350, 400, and 450°C and increases sharply to
29 at % at 500°C.

After irradiation to 30 dpa at 450 and 500°C, radi-
ation-induced clusters were found, predominantly
enriched in Cu, with a size of 2—3 nm and a bulk den-
sity of 1022 m~3. At 500°C, their bulk density drops by
an order of magnitude (Fig. 25), compared to 450°C.
The nature of these clusters is similar to Ni—Mn—Si
clusters, since both types of clusters consist of the
same elements, but in different proportions. The types
of radiation-induced clusters found in EP823 DHO
steel, in addition to different copper contents, differ
greatly from each other in Ni and Si contents. It
appears that Cu atoms displace Ni and Si in copper-

PHYSICS OF ATOMIC NUCLEI

rich clusters compared to Ni—Mn—Si clusters with a
low copper content (Fig. 23).

Note that copper is a known element that promotes
embrittlement of case materials, so even a small cop-
per content leads to the formation of copper-rich radi-
ation-induced clusters.

According to STEM data, after irradiation of
EP823 DHO steel to doses of 60 and 100 dpa, dissolu-
tion of large oxide inclusions (=10 nm) and formation
of a new fraction of small inclusions (<10 nm) are
observed; also, this effect is more pronounced at high
temperatures. This result is partially confirmed by the
APT method. At an irradiation dose of 60 dpa and
high irradiation temperatures (450 and 500°C), a large
number of Y—Ti—Cr—O clusters are also detected
Vol. 87
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and Cr—C clusters on the irradiation temperature at dam-
aging doses of 30, 60, and 100 dpa in the EP-450 DHO
steel.

(Fig. 26). Moreover, at 500°C, their number is
an order of magnitude higher than at 450°C and is
1022 m~3, which is also evident from the results of TEM
studies.

It is worth noting that, in the EP823 DHO steel, a
noticeable number (~10?> m~3) of Y—Ti—Cr—O clus-
ters up to 6 nm in size, the low density of which
(~10%' m~?) was detected in the initial state, was found
after irradiation to 30 dpa at 450°C, however, at
500°C, they did not fall into the APT study zone. This
may be due to both the processes of cluster formation
and dissolution and the heterogeneity of their distri-
bution (10?2 m3), since these values are at the thresh-
old of the capabilities of detecting nanoobjects by APT
methods.

After irradiation, these clusters have a different
composition from the clusters in the initial state,
which is indirectly confirmed by the STEM data,
where small inclusions are found near large oxides. At
30 dpa, the enrichment in Cr, Ti, Y, and O increases by
several times compared to the initial state. When irra-
diated to 60 dpa at 450°C, the enrichment of clusters
in Ti and O does not change within the error limits
compared to a similar temperature at 30 dpa, but the
Cr content drops by 4 times, and Y increases by 4 times
(Fig. 27). At 500°C, the enrichment in Y, Ti and O
drops noticeably compared to 450°C for 60 dpa, but
the enrichment in Cr increases by several times. This
strong enrichment of clusters in Cr may be associated
with the decomposition of the solid solution observed
in the STEM (Fig. 12).

In addition to Y—Ti—Cr—O and Ni—Mn—Si clus-
ters, after irradiation of EP-823 DHO steel to a dose of
100 dpa in the temperature range from 400 to 500°C,
clusters of the Cr—C type were detected, as in the EP-
450 DHO steel, but at 60 dpa. At this irradiation dose,
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Fig. 18. Dependence of the bulk density of Y—Ti—Cr—O
and Cr—C clusters on the irradiation temperature at dam-
aging doses of 30, 60, and 100 dpa in the EP-450 DHO
steel.

decomposition regarding Cr was observed at high irra-
diation temperatures. The average size fluctuates from
4 to 10 nm with a bulk density of 10*2 m~3. With an
increase in the irradiation temperature, the average
size increases, and the bulk density decreases (Fig. 24).
Figure 25 shows the enrichment of clusters relative to
the matrix. The Cr content increases with increasing
irradiation temperature with stable enrichment in C
(Fig. 28a).

In addition to Cr and C, these clusters are enriched
in Ni, Si, and Mn at 400°C. With increasing irradia-
tion temperature, the composition changes. Enrich-
ment in Mn is maintained. The Si content decreases at
450°C, and it completely leaves the clusters at 500°C,
passing into a solid solution. Enrichment in Ni
increases at 450°C, compared to 400°C, but at 500°C,
nickel, like Si, leaves the clusters.

4. MEASUREMENT OF HARDENING
OF ION-IRRADIATED STEELS BY
NANOINDENTATION

Examples of the results of hardness measurements
by the nanoindentation method are presented in the
form of diagrams of hardness H versus the indentation
depth 4 in Fig. 29.

Then the curves of hardness H versus the indenta-
tion depth /4 were reconstructed into a Nix—Gao dia-
gram (H? versus 1/h). Typical examples are shown in
Fig. 30.

The resulting values of hardening of the DHO
steels under irradiation at different temperatures are
shown in Fig. 31.

The obtained results lie in the range from 0.4 to
1.4 GPa depending on the irradiation conditions.
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Fig. 19. Enrichment of Y—Ti—Cr—O clusters relative to the matrix after irradiation at damaging doses of 30, 60, and 100 dpa at

different temperatures in the EP-450 DHO steel.

In the range of doses up to 30 dpa, the EP823 steel
demonstrates a high rate of hardening; only at 500°C
is a decrease in this rate observed. At higher doses,
hardening decreases slightly at 350—450°C or stabi-
lizes at 500°C. The EP-450 steel behaves differently up
to 30 dpa; at low irradiation temperatures (350—
400°C), the hardening rate is moderate, and at ele-
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Fig. 20. Enrichment of Cr—C type clusters relative to the
matrix after irradiation at a damaging dose of 60 dpa at dif-
ferent temperatures in the EP-450 DHO steel.
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vated temperatures (450—500°C), the hardening rate
increases significantly.

Analysis of the temperature dependences of hard-
ening shows that, in the EP-823 DHO steel, hardening
has some variations at temperatures of 350—450°C and
drops significantly at 500°C. In the EP450 DHO steel,
hardening increases slightly with temperature in the
considered dose range up to 60 dpa and demonstrates
a drop in hardening at 500°C only when irradiated up
to 100 dpa.

5. DISCUSSION

The mechanisms of radiation hardening of DHO
steels, as a rule, have a combined nature. On the hand,
the matrix of these steels can demonstrate the radia-
tion effects of the matrix steel. For example, in tradi-
tional ferritic-martensitic steels, the main mecha-
nisms of low-temperature radiation hardening are for-
mation of dislocation loops and radiation-induced
clusters (such as Ni-Mn-Si clusters or Cu clusters,
depending on the composition of the steels) [5S0—53].
In modern low-activation ferritic-martensitic steels,
the content of Ni, Si, Mn, and Cu is so well optimized
Vol. 87
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Fig. 21. Atomic maps of the EP-823 DHO steel after irra-
diation to a dose of 60 dpa at a temperature of 350°C.

that the mentioned clusters are hardly formed; how-
ever, at higher irradiation doses, decomposition of the
solid solution regarding Cr and the formation of pre-
precipitates of the o' phase are still possible [54—56].
On the other hand, the presence of a high density of
dispersed inclusions can suppress the noted mecha-
nisms of decomposition of the solid solution of the
matrix steel and suppress the formation of dislocation
loops [57], at least in the initial stages of irradiation. In
this case, irradiation leads, first of all, to the restruc-
turing of the system of dispersed inclusions, for exam-
ple, to the exchange of matter between oxide inclu-
sions and clusters, the dissolution of large oxides, and
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the formation of new nanosized oxide inclusions [30—
32, 57].

In this paper, the mechanisms of radiation harden-
ing of two DHO steels EP450 DHO and EP823 DHO
have been studied, which have not only noticeable dif-
ferences in chemical composition (EP823 DHO steel
has significantly more Mn, Ni, Si and W) but also dif-
ferent degrees of dispersion of nanoobjects.

Analysis of the initial state of the steels showed that
EP450 DHO and EP-823 DHO contain a relatively
low oxide density of ~2—4 x 102! m~3, compared to
known foreign model steels and alloys [22], which
have an oxide density of more than 10> m=3. At the
same time, the oxide particles in the EP450 DHO steel
have a smaller average size (10 nm) and a higher bulk
density (~3 x 102! m~?) compared to the EP8§23 DHO
steel, where these values are 15 nm and ~2 % 102! m—3,
respectively (Table 2). In the EP450 DHO and EP823
DHO steels, nanosized (<5 nm) Y—Ti—Cr—O clusters
are also found, but in the EP450 DHO steel, there are
two orders of magnitude more such clusters (~10% m—3)
than in the EP823 DHO steel. It should be noted that
the low cluster density of ~10?! m~3 is also not typical
of DHO steels [19, 22].

Differences in the initial nanostructure of the steels
manifested themselves in the difference in their behav-
ior under radiation loads.

The EP-450 DHO steel is quite highly dispersed.
Thus, at low irradiation doses (up to 30 dpa), notice-
able processes of rearrangement of the system of inclu-
sions (oxides and clusters) were detected. But the pro-
cesses of decomposition of the solid solution for Cr
were detected only at high irradiation doses (60 dpa)
and at sufficiently high irradiation temperatures. It
should be noted that, despite the high dispersion of the
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Fig. 22. Dependence of the (a) average size and (b) bulk density of Ni—Mn—Si clusters and Cu clusters on the irradiation tem-
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nanophases of this steel, the formation of dislocation
loops was not suppressed, and they were detected
already at a dose of 30 dpa.

Oxides and clusters in the EP823 DHO steel have a
lower dispersion, in comparison with the EP450
DHO. The lower density of oxides and extremely low
density of oxide clusters allowed the mechanisms of

141 [ ]wmn 30 dpa
o il
R 10 Si
= = o
= Y cu ;
8 8t
s
£ 6
3
§ 4
O
2L
0 - : i
350 400 450 500

Irradiation temperature, °C

Fig. 24. Enrichment of Cu clusters relative to the matrix
after irradiation at damaging doses of 30, 60, and 100 dpa
at different temperatures in the EP-823 DHO steel.
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matrix steel degradation to manifest themselves. The
Ni, Si, and Mn content typical of traditional ferritic-
martensitic steels led to the intense formation of Ni—
Si—Mn clusters (~10?* m—3) and copper-rich clusters,
despite the low copper content in the material (less
than 0.1%). As the radiation dose increased, against
the background of the coalescence of the formed clus-
ters, the processes of restructuring of oxide inclusions
also manifested themselves in the EP823 DHO steel.

Dislocation loops in the EP-823 DHO steel have
parameters close to those in the EP450 DHO steel. It
can be assumed that, in this case, the relatively low rate
of dislocation loop formation is associated with the
intense formation of radiation-induced clusters.

The noted features of the rearrangement of the
nanostructure of steels determined the detected differ-
ences in the radiation hardening of these steels.

Thus, the EP-823 DHO steel has a significantly
higher rate of low-temperature radiation hardening in
the dose range of up to 30 dpa, unlike EP450 DHO
steel. An increase in the radiation dose in the case of
the EP823 DHO steel leads to gradual softening.
Moreover, this effect has a temperature dependence:
for each radiation dose, an increase in temperature
leads to softening.

The behavior of the EP450 DHO steel is character-
ized by the fact that an increase in the dose does not
Vol. 87

No.9 2024
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lead to softening, as in the case of the EP823 DHO: at
a dose of 60 dpa, EP450 DHO steel hardens, and this
hardening increases with increasing temperature. At a
dose of 100 dpa, the trend changes, and the EP450
DHO steel demonstrates softening. This effect is more
pronounced at high temperatures (450 and 500°C).

The differences in the behavior of mechanical
properties of the two steels are directly related to the
reorganization of their microstructure and nanostruc-
ture. Some effects are quite obvious in terms of their
description by changes in the microstructure and
nanostructure. For example, the higher hardening rate
of the EP823 DHO steel, in contrast to the EP450
DHO, is most likely associated with the formation of a
large number of radiation-induced Ni—Si—Mn clus-

PHYSICS OF ATOMIC NUCLEI  Vol. 87

No.9 2024

ters in the EP823 DHO. It can be also assumed that
since the nanostructured phases in the EP8§23 DHO
steel have a lower dispersion than in the EP450 DHO
steel, the effect of oxide inclusions on the resulting
hardening is less, and radiation hardening is largely
determined by changes in the characteristics of dislo-
cation loops, as in the case of conventional ferritic-
martensitic steel.

For the EP450 DHO steel, the situation is com-
pletely different. Although dislocation loops have sim-
ilar characteristics and demonstrate similar behavior
under irradiation, as in the case of the EP823 DHO
steel, the nanostructure of EP450 DHO steel, having a
significantly greater dispersion, has a significantly
greater influence of oxide inclusions of various types
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on the resulting radiation hardening, and this is man-

ifested at high irradiation doses.

CONCLUSIONS

In this paper, the nanostructure of two ferritic-
martensitic steels EP823 DHO and EP450 DHO and

tomography.

PHYSICS OF ATOMIC NUCLEI

Vol. 87

No. 9

their evolution after simulated irradiation with ions in
the dose range from 30 to 100 dpa, at irradiation tem-
peratures from 350 to 500°C, were studied using trans-
mission electron microscopy and atomic probe

Analysis of the initial state of the steels showed that
the EP450 DHO steel contained a larger number of

2024
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small oxide particles (up to 20 nm) compared to the
EP-823 DHO steel. In addition, the EP450 DHO steel
contained two orders of magnitude more (~10% m=3)
nanosized Y—Ti—Cr—O clusters than the EP8§23 DHO
steel.

After irradiation to a dose of 30 dpa, the evolution
of the nanostructure of the steels occurs in different
ways. In the EP823 DHO steel, a large number of ther-
mally unstable radiation-induced clusters enriched in
Ni, Mn, Si and Cu are formed. The bulk density of the
initial small oxides noticeably decreases after irradia-
tion. In the EP450 DHO steel, radiation-induced
clusters, as in the EP823 DHO steel, are not found.
The average values of the sizes and densities of oxide
particles change insignificantly.

PHYSICS OF ATOMIC NUCLEI Vol.87 No.9 2024

At higher irradiation doses (60 and 100 dpa), both
steels show signs of solid solution decomposition
regarding Cr. Changes in the quantitative characteris-
tics of oxides are insignificant for the EP450 DHO
steel. The detected Cr—Y—Ti—O clusters in the initial
state for this steel are also present in the vast majority
of the states after irradiation. At the same time, the
clusters are less stable to high irradiation doses than
oxide particles.

In the EP823 DHO steel, after irradiation to 60 and
100 dpa, the bulk densities of oxide particles increase.
At the same time, at high irradiation temperatures,
their gradual dissolution is observed (a decrease in the
bulk density, a shift in distributions towards smaller
sizes).
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The results of nanohardness measurements show
that the main differences in the behavior of the two
steels occur at high temperatures after irradiation to
doses of 30 and 60 dpa. The EP450 DHO steel is more
stable to ion irradiation up to doses of 100 dpa in the
temperature range from 350°C to 500°C. At a dose of
100 dpa, both steels show a tendency to soften with
increasing temperature.
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