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Safety of nuclear reactor (NR) and economic of nuclear power are determined to high degree by structural
materials. Study of reasons of change of physical-mechanical properties of materials and of their dimensional
stability under irradiation; determination of operation life of elements of nuclear power energetic assemblies in
different conditions, selection and development of prospective materials with high radiation resistance are the main
objectives of radiation material science. In the presented paper, mechanisms of radiation damage of structural
materials for nuclear power and problems of development of radiation-resistant materials for operating and

advanced NR of new generation are examined.

INTRODUCTION

The realities of economy and ecology, in spite of
tragedies of Chernobyl and Fukushima, forced the
humanity to return to the priority development of
nuclear power because doesn’t yet exist cheaper and
ecologically pure electric power. Nuclear energy
provides access to clean, reliable and affordable energy,
mitigating the negative impacts of climate change. It is a
significant part of the world energy mix and its use is
expected to grow in the coming decades [1].

Together with the expanding renewable energy
sources and fuel switching from coal to gas, higher
nuclear power production contributed to the leveling of
global CO, emissions at 33 Gt in 2019 [2]. Given that
energy generation currently accounts for 66% of
worldwide greenhouse gas emissions, nuclear energy is
considered as important resource in managing
atmospheric greenhouse gases and associated climate.
Clearly, nuclear power — as a dispatch able low carbon
source of electricity — can play a key role in the
transition to a clean energy. In 2018, nuclear power
produced more than 11 percent of the world’s
electricity. In Intergovernmental Panel on Climate
Change's (IPCC) own P3 middle-of-the-road scenario
nuclear power increases more than a few times from
current level (Fig. 1) [3].

At the end of 2017, the 448 operating nuclear power
reactors had a global generating capacity of
392 GW (e), which was an increase of about 1.2 GW
since 2016 [2]. Thirty countries currently use nuclear
power and 28 are considering, planning or actively
working to include it in their energy mix.

The advantages of nuclear power in terms of climate
change mitigation, energy security, environmental and
socio-economic policies are key reasons why many
countries intend to introduce nuclear power or expand
existing programs.
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Fig. 1. IPCC identifies pathways to emission reduction
to limit climate change to 1.5 °C [3]

Three newcomer countries are building their first
nuclear power plants (NPPs) and several others that
have decided to introduce nuclear power are at
advanced stages of infrastructure preparation. By the
state on 31 December of 2017 year 68 nuclear reactors
(NR) were in construction; just the same year the
construction of 8 new power units was started. The
higher number of reactors is constructed in China — 24,
Russia — 8, India — 6, USA — 5, Ukraine, Japan and
Belarus — by 2 reactors each.

Nuclear power in Ukraine now serves as warrant of
energetic independence — 15 working NPP units in 2019
supplied more than 50% of total production of
electricity. Beside it, performing of Ukrainian
obligations with the adoption of the Paris Climate
Agreement in 2015, is possible only under stable
functioning of Joining Energetic System, which is
supported by nuclear power (Fig. 2) [4].

Detail analysis of the state and prospective of
problem solution shows that in spite of considerable
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efforts of investigators and reactor operators in all
countries of the world the economically necessary levels
of operation of existing NR are not reached. Despite
more than 50 years of fission reactors R&D we still do
not have all the science-based tools that we need for
advanced nuclear energy. During the last 50 years very
slow improvement in burn-up of nuclear fuel (from 2%

burn-up in reactors Generation I to 3% in Gen II and till
4...5% in reactors Generation III and III+) had place.
This is determined principally by insufficient radiation
resistance of main structural materials of exploited now
nuclear plants — stainless steels (SS) of different classes
and zirconium base alloys.
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Fig. 2. Part of nuclear power in total production of electricity in Ukraine [4]

Materials in nuclear power engineering play
extremely important role. Structural and fuel materials
determine safe and economical operation of nuclear
power stations. Importance of structural materials
consists not only in guarantee of stability of the core
geometry during all period of operation and, first of all,
in stability of fuel subassemblies and fuel elements, but
also in retention of fission products, support of
serviceability of control systems and guarantee of
minimal consequences in the case of accident, it is
mean, in solution of key problems of reactor plants
safety.

Well known that irradiation of structural materials at
temperatures of reactors operation creates the
unprecedented  possibility of the change of
microstructure, of mechanical properties and even of
external dimensions of structural components [4, 5].

Achievement of high burn-up of nuclear fuel is
limited by radiation resistance of materials for claddings
and ducts of fuel subassemblies and terms of thermal
reactor operation is limited by the term of the service of
materials for reactor vessels and pressure vessel
internals.

The key problem in material science provision of
modern nuclear power and power of the future is the
study of mechanisms and influence of degradation of
initial physical-mechanical characteristics of materials
during operation and dimensional stability. Radiation
damages are initiated by creation and interaction of
point defects on the nanolevel (10 m), but macroscopic
effects, which have determinant influence on reactor’s
safety, created due to co-evolution of all component of

the microstructure, and their roles in the macroscopic
response in terms of radiation induced phenomena —
swelling, anisotropic growth, irradiation creep, radiation
induced phase transformations etc. [5, 6].

The development of radiation tolerant materials is
the important part of modern nuclear energetics and
very big scientific/technical goal that is specific to the
success of sustainable nuclear energy. Radiation
tolerance and high burn-up are science challenges with
very strong technological implications.

The presented paper shortly summarizes the results
of investigations performed in the field of radiation
material science by Ukrainian scientists.

1. REACTORS ON THERMAL NEUTRONS

The basis of world nuclear power now presented
mainly by thermal reactors with pressurized water
cooling or cooled by boiling water (WWER-440,
WWER-1000, PWR, BWR) [6]. Fig. 3 provides a
schematic overview of the reactor WWER-1000 (36
reactors are operated in the world, 13 — in Ukraine) and
shows the materials, conditions of operation and the
more dangerous for reactor’s safety phenomena. It is
necessary to pay attention that different materials which
have various crystal lattices perform in reactors diverse
functions and work at the whole spectrum of harmful
conditions: neutron irradiation, thermal ageing,
environment conditions, mechanical stress etc. It will
determine appearance of radiation induced phenomena,
which are responsible for behavior and safety of the
elements and reactor as a whole.



First of all, the main problems of safety for the units
of NPP concern the vessel of NR because only the
vessel can't be replaced in the case of its not permissible
damage or degradation of material properties, that’s
why service life of reactor pressure vessel (RPV) mainly
determines the limit of service life of modern NPP unit.

It is universally recognized that during operation
materials of RPV may embrittle under neutron
irradiation and thermal ageing; this may induce the
brittle fracture of reactor vessel in whole under the more
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Radiation-induced variations are the cause of
complex synergetic changes in steel behavior that can't
be explained only by one mechanism. It is supposed in
paper [6] that evolution of radiation damage in pressure
vessel steels occurs as follows: formation of primary
defects — nanostructure evolution — strengthening —
embrittlement (shift of temperature of brittle-ductile
transition). Numerous investigations had showed that
during operation pressure vessel materials strengthen —
their yield strength increases. The yield strength of
pressure vessel steels after irradiation to fluence
10%* n/cm” at the temperature of 240...290 °C increases
by 20...40% [9].

It is assumed that hardening is the cause of
embrittlement of these steels in the result of the
irradiation, mainly at the expense of formation of ultra-
fine precipitates of copper and copper-enriched zones or
copper-vacancy clusters [7]. Processes of formation of
grain-boundary or intragrain segregation of impurities
(mainly of phosphorus) play the important role in the
irradiation embrittlement due to the influence of
hardening mechanism (radiation-induced changes in

Reactor WWER 1000
Fig. 3. Overview of cross section of the reactor WWER-1000

severe condition of its loading — thermal shock, which
emerges under accidental cooling of reactor etc.

The understanding of mechanisms of embrittlement
of pressure vessel steels allows assume the behavior of
materials during long-term operation. Investigation of
microstructure properties of vessel steels for WWER-
1000 reactor after irradiation will allow forecast the
regime of their radiation embrittlement during their
further operation.
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phase composition, formation of dislocation loops and
precipitates) and not-hardening mechanism (formation
of grain boundary and intergranular segregation) [8, 9]
(Fig. 4).

In pressure vessel steels for reactor WWER-1000 the
content of phosphorus and copper was considerably
decreased. In the same time for reactors WWER-1000
that operate under higher pressures in comparison with
reactors WWER-440 the steel 15Cr2NiMoFA with Ni
addition was developed. Increase of this steel
hardenability is attained at the expense of additional
alloying by nickel that also increases the toughness.
Unfortunately, some pressure vessels of Ukrainian
reactors have nickel content that exceeds considerably
the specified value (KhNPS — 1.88%, SUNPS — 1.72%).

Because in RPV steels of Ukrainian NPS the content
of phosphorus and copper is rather low and nearly the
same for all units and the concentration of nickel and
manganese are much different effect of the shift of
temperature of brittle-ductile transition under irradiation
may be related with different content of nickel in steel.
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Fig. 4. A schematic overview of the radiation-induced changes in phase composition-formation of dislocation loops
and precipitates and formation of grain boundary and intergranular segregation [9]

Dependence of embrittlement coefficient Ay for
vessels (welds metal) of Ukrainian NPPs versus nickel
content (Fig. 5), shows that up to Ni content near 1.6%,
influence of nickel on level of radiation embrittlement is
negligible [10]. At nickel value close to 1.7 wt.% the
significant change in the Ay level is fixed — from the
lowest (A ~ 10 °C) to the highest (4 ~ 23 °C), which
exceeded the normative value by 20 °C. It is shown that
at 1.88 wt.% nickel (weld metal of the reactor vessel,
unit No.1 of KhNPS) the highest degree of
embrittlement (4= 25 °C) take place.

Thus, for the welds metal with a nickel content from
1.1 to 1.88 wt.% recorded its limit value in the range of
1.5 to 1.6 wt.% below which the effect of nickel is
negligible.
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Fig. 5. Dependence of the radiation embrittlement
coefficient Aron the nickel content for the weld metal
of reactor vessel [10]

However, according to [11], ”late blooming phases”
(LBPs) should be formed at sufficiently high fluences in
low Cu steels, which contain a significant amount of Ni
and Mn. Specific feature of formation of these phases
consists in the long incubation period and rapid grow
thereafter. Therefore, formation of LBPs should result
in sudden severe embrittlement, so, it can be dangerous
for RPV under long time operation condition.

The expected forecast of the radiation embrittlement
needs the accelerated irradiation of specimens in test
reactors to fluences near and higher the designed
fluencies [12, 13]. The recent investigation of wells in

reactors WWER-1000 revealed the presence of the
effect of dose rate, namely demonstrated systematic
differences in kinetics of radiation embrittlement of
steels irradiated with difference fluxes (increased
embrittlement at low flux [14, 15]). Therefore, the use
of data, obtained at accelerated irradiation for extension
of service life must be justified. This requires the
precise understanding and evaluation of mechanisms
responsible for effect of the flux.

In XX century used materials and technologies were
directed to guarantee the specified life of reactors during
30 years. Just in this period it is became clear that
single-mined development of technologies may cause
the reconsidering of norms at the expense of decrease of
evaluation conservatism and influence considerably on
increase of materials service life. Now in all country’s
new units of NPP are oriented on reaching of specified
life not less 60 years with possibility to it increase as
minimum by 20...30%, that is to 80...90 years. The
orientation on such long service life forces to revalue
the problems of operation of the units of NPP [16].

Development of material science caused the
considerable progress in development of technologies of
steels production — increase of accuracy of introduction
and monitoring of alloying elements and impurities,
increase of the level of refinement of steel from
undesirable components, increase of the degree of
processes control (continuous mass-spectrometry,
express analysis of gases and oxygen, temperature,
protective atmospheres) [17].

Analysis and generalization of high quantity of data
on effect of impurities on radiation brittleness allowed
to put forward the requirement about decrease of
phosphorus and copper content to 0.006 and 0.06%
respectively, also as decrease of general content of
antimony, tin and arsenic (total <0.015%). It is
supposed that optimal alloying by nickel 0.6...0.8% and
correction of chromium (< 3% mass) and molybdenum
content (0.5...0.8% mass) will provide thermal and
radiation stability of steels and extend the life of
pressure vessel not less than 60 years with possibility of
extension to 80...100 years [18].



2. MATERIALS OF PRESSURE VESSEL
INTERNALS

The problem of lifetime extension of Eastern
pressurized water reactors up to 60 years is primarily
connected with the life time of irreplaceable equipment-
RPV and reactor vessel internals (RVI) [19]. One of
important challenge for radiation material science is
substantiation of radiation resistance of materials for
RVI of reactors WWER-440 and WWER-1000 which
were designed as irreplaceable element of construction
with operation term which is equal to the operation life
of RPV.

The void swelling of SS is one of the major factors
that were found to limit the lifetime of the internal
structural components under fast reactor irradiation
conditions, although it was previously considered that
under conditions characteristic of water-cooled reactors
that swelling would not occur [20]. In 1994 it was
predicted that swelling would most likely occur as a
consequence not only of gamma-heating of thick plates
but also as a consequence of the lower dpa rate
characteristics of PWRs [21].

Numerous experiments show that high doses of
neutron irradiation characteristic for operation of PVI
will cause the considerable degradation of physical-
mechanical properties of 18Cr10NiTi SS (decrease of
ductility and crack resistance, nucleation and increase of
radiation swelling). Low temperature boundary of void
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occurrence in materials irradiated in different reactors
makes 300...310 °C [22]. The features of swelling in
conditions of thermal reactors are the shortening of
incubation period of swelling and significant decrease
of temperature of void production. Potentially this
problem is much more dangerous for reactors WWER-
1000 baffle ring which has more complicated shape and
higher thickness than in reactors PWR. This induces the
local increase of the temperature up to 400 °C and void
production even without effect of temperature shift.
Besides its austenitic SS 18Cr10NiTi in solution treated
condition most prone to swelling.

Only a few studies were carried out for samples after
real neutron irradiation in light water reactors (with the
corresponding neutron spectrum and typical operating
times) [23]. PVI specimens cut from the
decommissioned in 2016 WWER-440 unit after
45 years of operation have been studied [19]. Noted that
neutron irradiation can lead to austenitic (y) to ferrite (o)
transformation that can drastically decrease the fracture
toughness and plasticity of PVI. In addition, ferrite can
also form in the initial state under thermo-mechanical
treatment (Fig. 6,a). The same ferrite plates were
observed in NSC KIPT on samples of aged steel, which
were cut from the cover of steam generator of Rivne
NPP [24]. The structure of aged steel 18Cr10NiTi was
two-phase. Along with austenitic grains there are grains
of o-ferrite in the form of narrow layers (see Fig. 6,b).

b

Fig. 6. Typical EBSD-images of 18Cr10NiTi steel: a baffle in WWER-440 unit after 45 years of operation [19] (a),
a cover of steam generator of Rivne NPP after 145.8 thousand hours of operation [24] (b)

It is possible to suggest strong influence of
segregation processes during thermal ageing. Therefore,
investigation of influence of thermal ageing on swelling
at high irradiation doses seems very prospective.

Topical line of investigation is analysis and
generalization of the law of the effect of different
operational factors, such as irradiation temperature,
damaging dose, mechanical stresses, dose rate,
concentration of helium and hydrogen and others on
swelling and microstructure of steels of austenitic class,
forecasting of serviceability of reactor elements under
high damaging doses typical for life extension
procedures.

Results of tremendous investigations (Programs of
material science accompaniment of safe operation of
PVI for reactors WWER-1000 of NPS of Ukraine) have

improved prediction of behavior for PVI materials at
long terms of operation.

Using accelerator irradiations with Cr** and Ar" ions
allowed studying effects of dose rate, different initial
structure state and implanted ions on features of
structure  evolution and main mechanisms of
degradation including low temperature swelling and
embrittlement of the 18Cr10NiTi steel [25, 26]. It was
shown that differences in dose rate at most irradiation
temperatures mainly exert their influence on the
duration of the swelling transient regime. A decrease of
dose rate causes swelling to start at lower temperatures.

The literature data [27] on the swelling of AISI 304
(18Cr9Ni) steel after irradiated in a fast reactor EBR-II
were analyzed. A correlation between the transient stage
of swelling and the steady state swelling rate was



revealed (Fig. 7). The longest transition stage is
observed at the peak swelling temperature, followed by
a steady-state stage with the highest swelling rate. The
transition stages are shortened, and the steady-state
swelling rates are decreased at temperatures below and
above the peak swelling temperature.
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Fig. 7. Correlation between transient stage durations
and steady-state swelling rates in AISI 304 steel

The maximum swelling rate of AISI 304 steel
irradiated at a dose rate of 5-107 dpa/s is observed near
a temperature of 440 °C (see blue curve in Fig. 7). This
temperature, in turn, is the temperature of the maximum
swelling. A fairly long transient stage is observed at this
temperature (see yellow shaded area in Fig. 7).

The swelling rate of steel decreases by about a
quarter, and the transient stage preceding it decreases by
about 10% when the temperature dropped or raised by
30 °C relative to the peak swelling temperature.

The tendency to shorten the transient stage and a
decrease in the swelling rate are even more pronounced
when the temperature changes by 60 °C relative to the
peak swelling temperature, herein the transient stage is
almost halved, and the swelling rate drops by about
three times.

Substantiation of the service life of PVI and
supporting elements of reactor WWER-1000 and also
providing of strength and service life of RPV of WWER
on life extension up to 60 years and more requires the
development of methods and recommendations on
choice of starting data (swelling, change of mechanical
properties and others).

3. ZIRCONIUM BASE ALLOY

In the nearest 50...60 years thermal reactors will
dominate in park of commercial nuclear power units
which produce electric energy. The main material of the
core of these reactors is structural materials on the base
of zirconium. Due to the optimal concentration of
nuclear  (particularly of so called ‘“neutron
penetrability”), corrosion, mechanical, thermal and
other physical-mechanical properties zirconium alloys
were non-alternative structural materials for nuclear
power, especially, for complete set of the cores of light-
water reactors with operation temperature of coolant
300...350 °C [28]. Zirconium alloys alloyed by Nb

(E110, E125) or Sn, Fe, Cr, Ni (E635, Zirlo, Zry-2,
Zry-4) are widely used in core of water-cooled NR [29].

Unfortunately, the accident on Japan NPS
“Fukusima” requires the critically increasing safety of
zirconium base alloys, which served as claddings of
NPP on thermal neutrons, especially reduction of the
possibility of steam-zirconium reaction. Providing of
operational safety, specified life and safety of nuclear
plants allowing for economic and ecological factors
may be realized on claiming of very severe demands
which considered degradation of structural materials of
fuel elements (FE) and fuel subassemblies under the
influence of high temperature, neutron irradiation and
corrosion into coolant.

Zirconium alloys which are used now as claddings
in reactors WWER, RBMK, PWR, BWR, CANDU
differ considerably as to deformation of radiation
growth, radiation creep, corrosion resistance, high-
temperature  strength, hydrogenation and other
properties that guarantee reliability of products.
Relationship of operational parameters and criteria,
performance of production with high number of
technological operations and products characteristics is
the subject of deep study [30].

The total quantity of alloying elements (weight %)
in zirconium alloys doesn’t exceed 2.5...3.0% and even
low variations of composition changes considerably its
radiation and corrosion resistance. Therefore, any
change of alloy composition demands the high attention
and testing from point of view of reliability and safety.
For instance, decrease of tin content from 1.5 to 1.0% in
alloy Zry-4 demanded testing during 10 years.

On solving the above-mentioned tasks, it is
necessary to consider the following phenomena which
cause the degradation of characteristic of zirconium
alloys: hydrogenation, oxidation, radiation-thermal
creep, radiation growth, change of mechanical
properties, microstructure changes.

Alloy E110 is used now on Ukrainian NPP; this
alloy has high resistance to uniform attack, is subjected
to noticeable forming in reactor and to corrosion under
boiling and increase content of oxygen in coolant. As to
the phenomena which influence negatively on
operational characteristics, these are: deformation of
radiation growth, radiation-thermal creep and corrosion
[31]. Radiation growth of tubes is determined as their
elongation in axial direction without stresses; this
elongation depends on alloys composition, initial
dislocation structure, texture, fluence of neutrons and
temperature.

In NSC KIPT phenomenological mechanisms of the
phenomenon of radiation growth is proposed [32].
Thermal mechanical treatment used on production of
tubes for FE produces the anisotropic orientation of
zirconium grains. Radial oriented grains dominate into
texture of FE, that is, the direction of axe ¢ is chiefly
radial (in certain range of angles; this is named the
structure scattering), and direction a is chiefly tangent.
Such texture of FE claddings is the reason of that during
radiation growth the increase of the length of FE occurs
with simultaneous contraction.

Under displacing irradiation formation and evolution
of radiation defects in the form of dislocation loops of



a- and c-types occurs which have Burgers vector 1/3
[1120] and 1/2 [0001], respectively. c-component loops
are deposited on base of pyramid planes of hcp lattice
and have vacancy character. Dislocation loops of a-type
are interstitial. On early stages of irradiation dislocation
loops (mainly interstitial) form in prismatic planes with
Burgers vector of a-type; this is accompanied by
moderate radiation growth. After reaching of some
threshold fluence (is different for alloys of different
composition) formation of c-component dislocation
loops is observed, this induces the acceleration of
radiation growth. With the increase of irradiation dose,
the density of dislocation loops of c-type increases
because the vacancies are directed on base of pyramidal
planes and interstitials stabilize a-loops in prismatic
planes.

Necessity of reaching of fuel elements burn-up up to
75...80 MWt-d/kg uranium; increase of service life
from 30000 to 46000 effective hours; increase of
cladding temperature to 358 °C; possibility of power
variation needs the development of new zirconium
materials with higher radiation and corrosion resistance
for prospective fuel cycles. All this requires the study of
mechanisms and laws of composition influence on
formation of structure-phase state of alloys and their
physical-mechanical characteristics under irradiation.

Analysis of trends of development of zirconium
alloys for nuclear power shows that the main alloying
elements are: Sn, Nb, Fe. Low additions of Cr, Cu, V
may promote the resistance to corrosion and saturation
by hydrogen; Sn, Fe, O and their content into solution
with Zr guarantee strength and resistance to creep and
radiation growth; increase of the degree of cold
deformation (from 65 to 95%) increases the creep;
increase of recrystallization degree decreases the creep;
texture determines anisotropy of mechanical properties,
of creep and orientation of hydrides; c-dislocations into
microstructure increase the rate of radiation growth;
type intermetallic particles, their size and density and
change them under neutron field are of high significance
for corrosion, creep and radiation growth.

Oxygen which is contained in zirconium alloys
dissolves in a-zirconium in rather high quantity [33]. In
low quantity (900...1400 wt. ppm) oxygen doesn’t
influence on corrosion of zirconium but hardened it
considerably. Mechanism of hardening is that the region
around dislocations represents the sink for vacancies
and interstitials. For instance, at temperature 300 °C
atoms of oxygen in zirconium interact with dislocations
and harden considerably unirradiated material.
Therefore, oxygen must be considered not as impurity
but as alloying element. High quantities of oxygen are
not used due to its embrittling effect on zirconium
alloys [33]. However, chemical-thermal treatment of
finished fuel tubes in gaseous media containing oxygen
(or nitrogen) leads to a significant solid solution
hardening of the surface layer of the tubes, which
increases their resistance to cavitation wear and
abrasion [34]. In this case, the mechanical properties of
the tubes (tensile strength, yield stress, long-term
strength and plasticity) remain at the same level or even
increase [35]. At the same time the surface layer
saturated with oxygen (nitrogen) hinders the penetration

of hydrogen into the body of the tubes and reduces the
number of hydrides, which causes the so-called hydride
cracking [36]. Note that processing in gaseous
environments is a fairly simple, well-controlled process
and it can be carried out on existing industrial
equipment for the final annealing of tubes.

In recent years new way for material characteristics
improvement are widely studied; they are connected
with the formation of nanostructured and ultra-fine-
grained states. The more prospective way for production
of materials of such class is severe plastic deformation,
realized by different methods. In NSC KIPT several
methods of severe plastic deformation are developed
such as multicycle process of upsetting-extrusion and its
combination with deep deformation by drawing, by
rolling, by quasi-hydroextrusion at room, high or
cryogenic temperatures [37].

In [38] evolution of microstructure, texture and
structural parameters of pure zirconium are thoroughly
investigated during severe plastic deformation by
different methods. It is revealed that warm deformation
of zirconium by the method “upsetting-extrusion” at
temperature near 500 °C fines the grain effectively up to
submicron values. So, at total logarithmic deformation
ey ~ 4 the average size of the grain is 320 nm. The cold
deformation of starting ingot by “upsetting-extrusion”
causes non-monotonous change of mean size of grain.
The minimal obtained size of grain is near 250 nm at
deformation e, =8, that is doesn’t reach the
nanostructured boundary. The cold deformation by
drawing of recrystallized zirconium with starting size of
grain 5...15 pm induced the high fragmentation of
grains and the mean size of grain at deformation degree
ey = 0.2 makes approximately 100 nm. Analogous
grain size is realized on drawing of extruded rod with
starting grain size 380 nm with deformation degree
eov= 95.6. In other words, in spite of difference of
starting size of grain more than one order the final size
of grains turned out to be practically the same and
reached the limit value, which can be realized at this
type of intense plastic deformation. The cases of such
restriction may be processes of recovery of dynamic
recrystallization, which are realized at high degree of
accumulated deformation. Zirconium and its alloy with
niobium in submicron and nanostructural states have
high strength characteristics and can have increased
radiation resistance. However, the question remains of
the thermal stability of such a material under operating
conditions in NR.

4. MODERN STATE OF DEVELOPMENT
INTO THE FIELD OF PRODUCTION
OF NUCLEAR FUEL RESISTANT
TO ACCIDENTAL CONDITION
FOR WATER-COOLED REACTORS

Improvement of the economy of nuclear power is
directed on increase of power of isolated units of
Nuclear Power Stations, increase of operating period
and nuclear fuel burn-up, possibility to maneuvering by
reactor power. All this also as necessity to guarantee
safety of NPS in case of emergency, especially with the
loss of coolant, increases substantially the requirements
to structural materials of reactor core. Now these are



mainly zirconium alloys because their low cross-section
of thermal neutron capture, high radiation and corrosion
resistance, long-term operation in reactors.

The main problems of existing zirconium alloys are:
decrease of corrosion resistance at temperatures of
coolant above 400 °C, intensive oxidation with the
release of high quantity of hydrogen in accident with the
coolant loss (LOCA), fretting-wear, accumulation of
high quantity of hydrogen and embrittlement with fuel
burn-up more than 50 GW-d/MtU (gigawatt day for
metric ton of uranium) [39].

The higher danger in light-water reactors is the
accident with the loss of coolant. In the case of such
accident on switching-on of the system of passive
cooling the reactor core continues to release the heat of
radioactive decay and water will transform into vapor.
With the increase of vapor temperature, the oxidation of
fuel claddings produced of Zr-alloys will accelerate and,
in the result, high quantity of explosive hydrogen will
be produced so as the considerable quantity of
additional heat due to the high enthalpy of ZrO,
production. Quick oxidation of fuel elements of Zr-
alloys starts in the range 700...1000 °C at high pressure
of vapor. Besides, breaking of fuel rods cladding may
starts at temperature higher ~ 900 °C, because the Zr-
alloys loss mechanical strength at temperature > 850 °C.
In the case of pressure drop in the result of the tube
rupture hydrogen explosion can occurs and products of
radioactive decay will get in environment [40]. The
example of such accident is the accident on Japanese
station Fukusima in 2011. The severity of the nuclear
event at Fukushima Daiichi has been rated 7 on the
International Nuclear and Radiological Event Scale
(INES), the highest level and the same as the 1986
Chernobyl NPP accident [41].

Now round the world exist two main approaches in
development of new fuel claddings resistant to
accidental conditions (ATFC — accident-tolerant fuel
claddings): revolutionary one and evolutionary [39].

Revolutionary approach (long-term > 15 years) —
development and introduction of fuel cladding produced
of new materials: SiC/SiC-composites, FeCrAl-alloys,
metal-ceramics hybrids, Mo-alloys.

As example for new fuel cladding SiC/SiC-
composites may be used instead traditional zirconium
alloys. The main advantage of such composites is very
high oxidation (up to 1500 °C) resistance. But these
composites have also essential disadvantages:
production is very complicated, it is difficult to
guarantee the pressure tightness of cladding, they have
low toughness and may dissolve in coolant at
operational temperature with the formation of volatile
hydroxides [42]. Usual austenitic SS have higher
resistance to oxidation than zirconium alloys and high
mechanical properties but they have not sufficient
quantity of Cr and Ni for providing protection at
temperature 1200 °C and higher. High concentrations of
nickel are also unacceptable due to formation of long-
lived isotopes. One of possible candidates for new
claddings of fuel elements may be molybdenum or

molybdenum alloys due to their high melting
temperature (2623 °C), high strength and creep
resistance at high temperatures. The serious

disadvantage of such alloys is radiation embrittlement,
higher than in zirconium, cross-section of neutron
capture and formation of volatile (MoO;) compound in
oxidizing conditions, that is, they can't be used without
protective coatings. Possibility to replace zirconium
alloys by Fe-Cr-Al-alloys is widely investigated; these
alloys have high oxidation resistance in normal
operational conditions and at high temperatures, high
strength and high workability. They also have some
disadvantages: relatively lower melting point, higher
cross-section of neutron capture, relatively high
permeability for hydrogen isotopes than Zr-alloys and
lack of information about their radiation resistance.

Evolutionary approach (mean-term, < 10 years) —
this is surface modification of zirconium alloys by
protective coatings. Modern zirconium alloys used as
materials for fuel claddings may be divided according
their main alloying elements on two forms which have
niobium (E110, E125, MS5) and have tin (Zircaloy-2,
Zircaloy-4). Significant efforts in the field induced the
development of improved alloys alloyed simultaneously
by tin and niobium (Opt. ZIRLO, J-Alloys, AXIOM,
MDA, E635, HANA, and others). The smallest
thickness of oxide film at high burn-up of fuel has alloy
MS5 [43]. New alloyed zirconium alloys may satisfy
requirements of higher burn-up of the fuel, increase of
cycle duration (from 12 to 24 months), somewhat higher
temperature of coolant but they can't guarantee the
necessary resistance in accident conditions.

Use of protecting coatings is prospective and
economically favorable solution because it is possible
existing zirconium claddings and technologies of their
production [44]. The oxidation-resistant coating can
protect the zirconium alloy cladding from a chemical
reaction with high-temperature water, which was the
primary source of the H, explosion in the Fukushima
accident.

Material of protecting coating on zirconium may
possess following properties: high corrosion resistance
in coolant at normal operation of reactor; high resistance
to oxidation at higher temperatures (to 1200 °C) in
vapor and on air; melting temperature not lower than
that in zirconium (1852 °C); low cross-section of
thermal neutron capture; low hydrogen permeability;
high thermal conductivity; high hardness and good
adhesion to zirconium; radiation resistance not lower
than that of zirconium; doesn’t produce long-lived
radioactive isotopes.

Materials which meet these conditions are:
chromium, some oxides Y,0;, Cr,03;, Al,O;, and also
nitrides ZrN, CrN, TiN, and carbides ZrC, Cr;C,, SiC.
The highest resistance to oxidation at high temperatures
has SiC but its use is limited by it dissolution into
coolant under normal conditions of operation and very
low ductility in comparison with zirconium. The new
prospective class of materials which can be used for
protection of zirconium claddings are composites on the
base of MAX-phases with stoichiometry M,.;AX,
(n=1, 2, 3), where M — transition metal; A — element of
IITA or IVA group and X —carbon or nitrogen [45].
These materials with structure of nanolaminates have
extraordinary combination of ceramic and metallic
properties: are subjected to mechanical treatment, are



thermally stable, have high strength, thermal
conductivity, resistance to thermal shocks and high-
temperature oxidation, their ductility increases at
~ 1000 °C, they are also radiation resistant. As to
protection of zirconium claddings coatings of
composition Ti3SiC, and Ti,AlC are considered [46].
Now the majority of coatings developed for
protection of zirconium alloys from oxidation are
obtained by magnetron sputtering and cathodic arc
evaporation methods. Cathodic arc evaporation method
is widely used in industry for deposition of hard
coatings (TiN, CrN, DLC etc.) on the machining tools
and also for corrosion-erosion protection of different
units of machines (turbine blades, for instance) [47].

This method is characterized by high degree of
ionization of material flux which is deposited that
guarantees the high quality and adhesion of obtained
coatings.

Radiation-induced microstructural changes in sub-
microcrystalline chromium coatings deposited by
cathodic arc evaporation method on zirconium alloy
(E110) after irradiation by 1.4 MeV argon ions at
400 °C investigated by TEM [48]. Temperature-
independent increasing of grain size from 250 to
295 nm in the chromium coatings is observed under
irradiation dose of 25 dpa. Size of radiation-induced
voids increases with the increasing of the irradiation
dose and its concentration decreases (Fig. 8).
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Fig. 8. TEM images of Cr coatings irradiated up to 25 dpa (a). Dose dependence of average size, concentration of
voids and swelling in irradiated Cr coatings (b) [48]

Radiation-induced swelling is 0.16% under dose
5 dpa and attains 0.66% under the dose of 25 dpa that an
order of magnitude lowers than the allowable swelling
for the core materials of the reactor. The present results
indicate that chromium coatings have a good radiation
resistance and can be used as the protection of
zirconium alloys fuel claddings for PWR- and BWR-
type reactors.

In institutes of NAS of Ukraine the special attention
is paid to development of advanced technologies of
treatment of zirconium alloys. For instance, in IW
named by E.O. Paton electron-beam technology of
coating deposition on the base of SiC is developed.

In NSC KIPT during last 5 years vacuum-arc
protective nanostructured (multilayers) coatings with
thickness 10...20 pm on ZrINb alloy claddings are
successfully developed. This chromium-based coating
can effectively protect Zr-alloy claddings in the case of
accident with the loss of coolant (LOCA) not less than
1 h (which is sufficient for accept of correct solving by
station operator) and increase their operational
possibilities in conditions of normal operation of reactor
[48-50]. The high resistance to oxidation of the
developed coatings is determined by the formation of a
dense chromium-oxide layer on their surfaces (Fig. 9)
[50].
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Fig. 9. SEM micrographs of metallographic cross sections of E110 tubes after air oxidation at 1100 °C during
3600 s: uncoated (a) and with protective Cr coating (10 um) (b) [50]



The NSC KIPT scientists are involved in the
development of SiC-based materials using method of
high-speed hot pressing (HSHP) [51], and also, in the
studies into the influence of alloying additives on the
mechanical characteristics of the SiC [52] and its
corrosion resistance under hydrothermal conditions
[53]. The best corrosion resistance under hydrothermal
test conditions was shown by the SiC ceramics with Cr
additions.

Many types of potential accident-tolerant fuel-
cladding systems were discussed and three concepts
under active development: Cr-coated Zr-based cladding,
FeCrAl and SiC/SiC-cladding.

It is expected that one or more of the discussed
systems will be implemented in commercial reactors.
However, although the study of these new materials is
motivated by accidents, it is important to note that other
parameters must be considered such as creep, long time
corrosion, radiation resistance, hydrogen pickup,
adhesion or cladding ballooning etc. Intensive research
is needed not only on the properties of various new
materials and coatings, but also on improving the
technologies for their creation.

5. MATERIALS FOR REACTORS
OF GENERATION IV

Low efficiency of NR in comparison with thermal
electrical station (TES) with solid fuel (nuclear
~33...34%, TES ~ 45% and higher and the planned one
are in construction in Europe ~ 55%), adoption of
“system of passive safety” on stage of NR designing
excluding elements of electric automatic equipment
(due to their damaging) and minimization of the
influence of operators on NR operation (so called
human factor) requires the development of reactor
plants of new generation.

Three systems which are working on neutrons of fast
spectrum (SFR, GFR, LFR, one — on thermal neutrons
(SCWR) and two systems (MSR, VHTR), which
allowed to work as at fast, and thermal spectrum were
selected by world nuclear community [7] as the main
objective of Generation IV (Gen IV) reactors —
producing an abundant, reliable, proliferation resistant,
safe and of course competitive energy.

All these innovative systems are based on a higher
running temperature associated to more severe
irradiation conditions (higher irradiation dose, fast
neutrons). As it 1is easily understandable the
combination of high temperature, high neutron dose and
severe environment is a major challenge for the viability
of structural materials.

Now is clear that the development of radiation
tolerant materials is the big scientific/technical goal that
is specific to the success of sustainable nuclear energy.
Realization of presumptuous programs for development
of Gen IV reactors requires the solution of problems of
radiation-resistant  structural materials capable of
operate in fast reactor (E >0.1 MeV) at fluences to
2:10" n/(cm*s) to damage doses 200 dpa at
temperatures 370...710 °C.

These materials must meet following demands [54]:

e have low creep at temperatures to 700 °C and
stability of sizes, life ~ 9 years;

e have high radiation resistance to neutron
irradiation dose up to ~ 200 dpa;

e provide radiation resistance of cladding
material at increased characteristics of high-temperature
strength;

e have high mechanical properties: high ultimate
strength > 300 MPa at 700 °C, long-term strength
>120 MPa during 10*h at 700°C, percentage
elongation > 1%j;

e have high corrosion resistance in coolant at
increased temperature and chemical compatibility with
fuel;

e in contact with fuel and flux of sodium have
high chemical compatibility.

Current efforts on R&D of materials for future
nuclear technologies are concentrated principally on two
directions: improvement of existing materials (mainly
austenitic and ferritic-martensitic steels) and creation of
innovative materials — oxide dispersion strengthened
(ODS) steels and high entropy alloys that will be able to
meet the different challenges for the new generations of
NR (Gen 1V, spallation, fusion).

Austenitic SS (mainly Fe-Cr-Ni system) are of
higher interest for their use in core (as claddings and
wrappers) of NR which are in operation or under
development [55]. Advantages of austenitic SS are well
known: a good heat resistance, high corrosion resistance
to coolant and fuel. These steels have a good
technological ability and have much data on irradiation.

A lot of modification of austenitic steels were
developed and investigated. Worlds experience shows
that any changing in chemical composition and thermo-
mechanical treatment will lead to drastic changing in
radiation behavior because it will influence on physical
parameters of processes which are involved in
phenomena of radiation damage. From this point of
view can be important such positions:

e  main (basic) components composition;

e alloying elements choice and amount;

e  synergistic in alloying elements influence;

e  thermo-mechanical treatment.

The neutron irradiations are essential to evaluate and
qualify materials for Gen IV systems therefore it is
important to note that the effective radiation effects
experiments can be performed also using ion-beam
facilities.

Really current situation with achievement of high
damage doses is very complicated. Now many of these
facilities with high neutron flux are shut down (FFTF,
DFR, PFR, EBR-II, BN-350, PFR and others).

Kharkov Institute of Physics and Technology
(KIPT) during many years was involved into the
Program of simulation of Radiation Damage in reactor
materials. This simulation method gave a lot of useful
results during the study of mechanisms of radiation
damage and selection of prospective reactor materials
[56].

Experiments in KIPT were carried out on many
kinds of austenitic steels and allowed to understand
main mechanisms their radiation behavior (Fig. 10)
[57].
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Fig. 10. Dose dependences of swelling
for few austenitic steels (T, = Ty sw)
(investigated at KIPT in 1983—2000 years).
The inset shows data for samples of EP-172 steel
with different B content [57]

Fig. 10 clearly shows that up to now radiation
swelling is the very important factor limiting the use of
austenitic SS as structural materials for reactors of next
generations, because various nuclear concepts require
low void swelling of structural steels at very high
exposure (> 200 dpa). Achievement of necessary level
of swelling resistance of austenitic steels with
appropriate alloying and thermal-mechanical treatment
suitable for commercial use may be obtained only with
understanding of all phenomena involved into processes
of radiation swelling, because the radiation swelling in
multi components austenitic SS is the result of
complicated  structure-phase transformation under
irradiation [54].

It is well known that level of swelling is determined
by quantity of surviving points defects which avoid
mutual recombination and annihilation on any kinds of
point defects sinks which or exits at material before
irradiation or were created by irradiation. Any element
of defect structure and any element of chemical
composition influence on sinks’ behavior and diffusion
properties under irradiation which as result generally
determine swelling level.

Really, design of new radiation resistant steels and
prognoses of behavior of these steels under high damage
doses possible only as result of understanding of all
mechanisms which are involved in processes of
radiation damage. The key point of philosophy is that
radiation resistance of investigated materials is
determined by cooperative interaction of defect
structure elements (mainly dislocation components),
decaying solid solution and system of the second phase
precipitates. Void swelling development is a last step of
this evolution. Achievement of acceptable level of
swelling is directly related with formation of more
stable microstructure under irradiation.

For today the obtained results show that influence
of alloying and treatment consists in following:

e production of more stable dislocation structure
(conservation of low mobile Frank loops) and increase

of the recombination level point defects. It may be
reached due to the solution treatment or by the
processes of segregation of alloying elements on
dislocation components that decreases their mobility;

e saving of fine carbides precipitates (TiC) and
phosphides (Fe,P) up to higher damage doses;

e delay of formation of G-phase and m-carbides
will keep in the solid solution the sufficient quantity of
such elements as Ni, Si, and P which strongly influence
on nucleation and growth of voids.

Evolution of defected structure is the result of
“competition” between the evolution of phases
preventing the swelling, and phases produced in the
result of decay of solid solution or otherwise a
competition between swelling resisted phases (MC,
Fe,P) and phases resulted in decay of solid solution (y’,
G, and M4C). This “competition” may be extended by
the selection of optimal composition and by the thermal-
mechanical treatment. Roles of precipitates as a
dominant swelling suppression mechanism, highly
depend on the matrix alloying elements that can to
change the nature of the precipitates [57].

As a summary, attempts to increase radiation
resistance of austenitic SS were done by alloying and
cold worked deformation till 20...30%: Nb alloying
(16Cr15Ni3MoNb — steel EP-847); addition of B + solid
solution stabilization (16Cr15Ni3MoNbB — steel EP-
172); multi-stabilization and refining of carbides (Ti,V)
(15Cr15Ni2Mo2MnTiVB — steel ChS-68); rare earth
addition (16Cr11Ni3MoTiSc — steel EK-99); increasing
of Ni content, multi-stabilization and refining carbides
(Ti, V, Nb) (16Cr19Ni2Mo2MnTiVNbB — steel EK-
164).

Unlike the steels with fcc-structure, which have
stable phase component of austenite, in ferritic steels
with bcce-structure evolution of all components of
defected structure can go in different ways depending
on their chemical composition and thermal treatment. It
is possible to obtain the different components: ferrite
and tempered martensite with different initial structures.
It allows to get different types of structure, distribution
of precipitates and effect on the radiation resistance.

Well known that swelling of bcc-materials (Fe-Cr
steels) typically is much lower than widely used
austenitic base alloys. Results show difference in
swelling for steels with different Cr-content. Typically
swelling of steels with 9 Cr % and which have mainly
martensitic structure is lower than in 12% steels,
structure of whom consists as from martensite as ferrite
(Fig. 11).

It was also shown influence of structure state on
processes of nucleation and growth of voids. In duplex
steel EP-450 voids appear earlier and growth faster in
ferrite than in tempered martensite. It can be explained
by this fact that dislocation components in ferrite and
tempered martensite serve as defect sinks in different
way that may be associated with different degree of
impurity atoms interaction with dislocations in ferrite
and tempered martensite. Different concentration of
carbon in ferrite and tempered martensite may also
influence on this effect.
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It was established that bce-iron and ferritic alloys on
its base have immunity to high rate of swelling. But the
question remains: if always a-alloys will have low rate
of swelling and if can swelling of these alloys under
high dose of irradiation (more than 100 dpa) reach the
value of several tens of percent’s?

The effect of high-dose irradiation on swelling of
ferritic alloys has been identified in [60]. After long-
term incubation stage ~ 150 dpa the transition is
observed to steady state stage of swelling with the rate
0.14%/dpa and swelling of steel with bcc-lattice may
reach the value more than 20%. Dependences of
swelling on irradiation dose are shown on Fig. 12. It
was also demonstrated that for steel HT-9 (American
production) and for alloy Fe-9Cr-1Mo the rate of
swelling may be compared with the rate of swelling
detected in pure alloy Fe-12Cr but after considerably
higher incubation period [61].

—A— HT-9 (T=420-450°C) EBR-2 FFTF

209  _a 15Cr FFTF (T=403-433°C)

—w— 12Cr FFTF (T=403-433°C) 1

—«— 9Cr FFTF (T=403-433°C)

154 —»— 9Cr-1Mo (T=420-450 °C)
O EP-450 (T=480°C)

—DO—HT-9 (T=450°C)

0 50 100 150 2(‘)0 250 3(‘)0
Dose,dpa

Fig. 12. Dose dependence of swelling for Fe-Cr binary

alloys and F/M steels [60, 61]

As noted above, one of the directions in which
current effort on R&D of materials for future nuclear
technologies are concentrated — creation of innovative
materials — ODS steels and high entropy alloys.

One of the suggested methods of this problem
solution is increase of radiation resistance and high-
temperature strength as austenitic and ferritic steels at
mechanical alloying of steel matrix by nanoscaled oxide
particles [62]. Secondary oxides formed on thermal-
mechanical treatment of mechanically alloyed steels are

precipitates of complex nanosized non-metallic
compounds with covalent bond. They may be stable to
temperatures 1400 °C and have high radiation resistance
(higher 150 displacements per atom), and also guarantee
augment resistance of plastic deformation of steel and
this had determined the terminology “oxide-dispersion
strengthened steel” (ODS-steel). Unfortunately, modern
status of knowledge for ODS behavior under irradiation
is far from being sufficient for nuclear application and
needed a lot of investigation for implementation of ODS
steels to nuclear industry.

In NSC KIPT the experimental technology of
fabrication of austenitic ODS steel 18Crl1ONiTi is
developed. The composition of base nanoscaled
powders of oxides of the system Y,03-ZrO, and
conditions of mechanical-thermal treatment are defined.
It is established that in obtained by this technology
bands of ODS steel after final thermal treatment the
austenitic matrix steel have grain size 1.2...2 pm and
the density of precipitates of complex nanooxides
changes in the range (1.7...7.3)-10"° cm™ at mean size
near 10 nm. The higher density of precipitates at lower
mean size and higher homogeneity of their distribution
by volume is observed in specimens alloyed with nano-
oxides of composition 80 mol.% Y,0;-20 mol.% ZrO,
[63].
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Investigation of swelling features in ODS
18Cr10NiTi + 0.5% (80 mol.% Y,0;-20 mol.% ZrOy)
after irradiation at accelerator of heavy ions showed that
level of swelling at determined swelling maximum was
2 time less relatively base steel 18Cr10NiTi (Fig. 13)
[64].

Suppression of swelling is caused by the increase of
possibility of point defects recombination on sinks.
Sinks are boundaries of “nanooxides-matrix” and grain
boundaries. The strength of nanooxides-sinks is
4.86-10'* m™ in this case and this is 35 times higher than
sinks strength (1.41-10"”° m™) which is provided by
grain boundaries of the size ~ 1.2 um.

At the same time, characteristics of strength of
produced ODS steel also are improved considerably.
Especially substantial advantage is observed at
temperature of testing 700 °C (this is the maximum
operational temperature of fuel element cladding for fast
reactors) where the conventional yield strength of ODS
steel in three time higher than in base steel 18Cr10NiTi.
Ductility on this is some lower but remains on level
sufficient for technologic and operational purposes [62].

Later it was shown that even insignificant variation
of quantity of added powder ZrO, to nanooxide Y,0; in
base austenitic steel as well as variation in technological
procedures induces the considerable decrease of
dimension of grain and precipitates of secondary oxides
and also increases the uniformity distribution through
specimen of oxides type Y,(Ti;,Zr,),0; which have
semi-coherent boundaries with austenitic matrix [65]
and positive influence on the strength characteristics of
ODS steels at elevated temperatures.

One more promising line for solving the problem of
production of radiation resistant and high-temperature
strengthened steels consists now into the use of new
class of ferritic-martensitic radiation resistant steels

strengthened by particles of oxides of nanometer size.
These steels have high strength, high thermal stability
and good mechanical properties. This trend is
intensively developed in countries with developed
infrastructure of nuclear power (Russia, USA, Japan,
China, France) [66]. NSC KIPT scientists took part in
investigation of radiation tolerance of different kind of
ODS ferritic steels after very high damage doses [67].

High entropy alloys (HEAs) are principally novel
effort in R&D of materials science and engineering [68,
69]. These alloys have multiple metallic elements of
nearly equimolar compositions. The high configura-
tional entropy leads to reduce the tendency of forming
intermetallic phases and stabilize solid solution state
and leads to receiving unique physical-mechanical
properties. The prospects for using HEAs in nuclear and
thermonuclear power industry are of a great interest.
The results obtained in the study of different aspects of
HEAs behavior under irradiation with particles of
different type were summarized in [70, 71].

Promising features of HEA behavior under
irradiation, such as higher resistance to a radiation-
induced defect formation, lower void swelling, higher
microstructural stability and limited radiation-induced
hardening in alloys, have been found in a number of
studies. For example, the cobalt free 20Cr-40Fe-20Mn-
20Ni (at.%) high entropy alloy and it’s strengthened
with yttrium-zirconium nanooxides version have been
investigated in relation to the development of hardening
phenomenon under the irradiation [72]. The irradiation
effects in HEAs were compared with hardening
behaviour of 316 austenitic SS irradiated under an
identical condition. The main irradiation defects
observed in HEAs were defect clusters at low doses and
dislocation loops at higher doses (Fig. 14,a).
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Fig. 14. TEM micrographs of ODS-20Cr-40Fe-20Mn-20Ni high entropy alloys irradiated
at room temperature with 1.4 MeV Ar ions to 1 dpa (a)
and nanohardness increments of the irradiated HEA, ODS-HEA alloys and SS316 [72]

The nanohardness of all studied materials increases
with damaging dose and approaches the quasisaturation
mode at high fluencies (see Fig. 14,b). Irradiated HEA
and ODS-HEA demonstrate lower increase in radiation-
induced nanohardness as compared with SS316. These
observations suggest that high entropy alloys must lose
less plasticity in comparison with conventional
austenitic steels of nuclear power. We also note that
ODS HEA, like ODS steels, have significantly higher

strength characteristics in comparison with alloys
without nanooxides [73].

Result of interaction of high-energy particles with
atoms of materials is not only atomic displacements but
also production of foreign atoms as a consequence of
nuclear transmutation reactions. The most important
product of nuclear transmutation reactions is gaseous —
helium and hydrogen. To simulate the processes
occurring with the participation of these atoms, the



microstructure Cr-Fe-Ni-Mn high-entropy alloy and
18Cr10NiTi stainless steel after irradiation with helium

ions to 4.8dpa and 11.7at% at T,om and post-
irradiation annealing was investigated [74] (Fig. 15).
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Fig. 15. The morphology and distribution of the He bubbles in irradiated and subsequently annealed
18Cr10NiTi steel (a) and 20Cr-40Fe-20Mn-20Ni high entropy alloy (b) [74]

Irradiation promoted the formation of a high density
of bubbles in HEA and steel. Comparison of the
parameters of helium porosity in these materials showed
that the swelling in CrFeNiMn alloy is about two times
smaller than that in 18Crl1ONiTi steel. The obtained
result indicates that CrFeNiMn HEA is much more
resistant to the formation of helium bubbles than
conventional 18Cr10NiTi stainless steel.

The potential of HEAs to be used in high-
temperature applications is remarkable due to their
high-temperature microstructural stability and excellent
mechanical properties. However, while the number of
publications reporting on HEAs mechanical properties
is impressive, far less were dedicated to the evaluation
of their corrosion behavior at high temperatures.
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Moreover, there were only few publications and
communications regarding HEA corrosion behavior
exposed to the fluids foreseen in advanced NR Gen IV.
Scientists from NSC KIPT (Kharkiv) and Karpenko
Physical-Mechanical Institute (Lviv) have been
performed evaluation of the compatibility of high-
entropy Cr-Fe-Mn-Ni alloys and their hardened by
nanooxides version with a liquid lead coolant [75].
Corrosion test were performed at 480 and 580 °C for
exposure of 100, 250, 500, and 1000 h (Fig. 16). It was
established that for studied alloys compositions at
480 °C the main mechanism of corrosion damage of the
surface layers is intergranular corrosion, which consists
in the etching of grain boundaries, lead penetration into
the matrix and dissolution of chromium, nickel and
manganese in liquid lead (see Fig. 16,a).

Fig. 16. Elements distribution on the surface layer of HEAs alloy (500 h exposure at 480 °C) (a)
and structure of the surface layer of alloy afier 500 h exposure at 580 °C (b) [75]

Increasing the temperature to 580 °C contributes to
the implementation of the combined mechanism of
corrosion damage, which is realized by the combination
of intergranular corrosion, as well as at a temperature of
480 °C, and the diffusion of oxygen from the melt into
the matrix and, as the result, implementation of the
internal oxidation of chromium and manganese process
(see Fig. 16,b). It is demonstrated that the dispersion

hardening of HEAs with radiation-resistant nanooxides
Y,05-ZrO, strongly increases their corrosion resistance.
Using these alloys in contact with the lead melts can be
recommended to a temperature of 500 °C. Possible
options for increasing the operating temperature are
optimization of the HEAs composition and additional
alloying.



CONCLUSIONS

Nuclear power meets the best the principles of
sustainable development; the main requirement of such
development is the presence of sufficient fuel-energetic
resources on their stable consumption in long-term
prospects. Nuclear power of Ukraine is the reliable base
of energetic independence of the state, the more
developed and highly technologic sector of economy is
now the main source of electric and thermal energy.

Materials in nuclear power play extremely important
role. The more important peculiarity is that fuel and
structural materials of nuclear power plants in
comparison with materials for traditional power plants
operate in specific and more severe conditions.
Development of structural materials of operating and
improved nuclear plants if the more complicated
scientific-technical problem the solving of which
guarantees the radiation material science.

Radiation material science which studies the
influence of irradiation by high energy particles of
different origin and energy on properties of materials
and operational characteristics of nuclear plants makes
its important contribution into the solving of these tasks
because only on the base of modern scientific ideas
about the role of microstructural processes in
degradation of base physical-mechanical characteristics
the posed goals may be realized.

The further development of fundamental and applied
researches in the field of radiation material science,
radiation technologies and new nuclear-power sources
are needed for increasing the role of nuclear power as a
one of the main sources of low carbon energy in the
world.
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MEXAHM3MBI PAIMAIITMOHHBIX HOBPE)KI[EHHfI N PABPABOTKA
KOHCTPYKIIMOHHBIX MATEPUAJIOB JJIsI AEUCTBYIOIIUX
NYAYHUX AAEPHBIX PEAKTOPOB

I'JI. Toncmoayykasa, M.A. Tuxonoeckuii, A.C. Kynpun, A.C. Karvuenko

bezonacHocTh AACPHBIX SHEPIETUIECKUX YCTAHOBOK (HSY) 1 DKOHOMHUYHOCTb aTOMHOM SHEPreTuKu BO MHOIOM
OMpEeACIATCA KOHCTPYKUMOHHBIMH MAaTe€prUalaMU, U3 KOTOPLIX U3rOTOBJICHBI 3JIEMEHTHI S9Y. HBy‘IeHI/IC NpUYUH
HU3MCHCHUA q}I/I3I/IKO—MexaHI/I‘ICCKI/IX CBOICTB MatepuajioB U HUX pa3MepH017I CTaOUIBLHOCTH npu 06Hy‘ICHI/II/I,



omnpezeneHue pecypca paboThl 31eMeHTOB IOV B pa3nuuHbIX YCIOBHAX, BbIOOp M pa3paboTka MepCreKTUBHBIX
MaTepuasoB C BbICOKOW paJMAaLMOHHON CTOMKOCTBbIO SBJSIOTCA OCHOBHBIMHM 3ajayaMy  pagvallMOHHOTO
MaTepuanoBeieHus. B cTaTbe paccMaTpuBalOTCAd MEXaHM3Mbl PAJAMALMOHHOTO MOBPEXKIEHHA KOHCTPYKLMOHHBIX
MaTepuanoB AAEPHON IHEPreTHKH, MpoOJieMbl U TEPCIEKTHBbI CO3AAHNS PAJAMALMOHHO CTOMKUX MaTepuasoB AJIs
JeHCTBYIOIMX PEaKTOPOB U PEAKTOPOB HOBOT'O TIOKOJIEHUSL.

MEXAHI3MH PAJIIAIIMHUX MOMKOX)KEHD I PO3POEKA KOHCTPYKIIIMHAX
MATEPIAJIB JIUISI ATFOYUX I MAVBY THIX SIIEPHAX PEAKTOPIB

, I' /1. Toncmoayyvka, M.A. Tuxonoecwvkuii, O.C. Kynpin, O.C. Kanvuenko

besneka AnepHux eHepreTMYHuMX ycTtaHoBOK (SIEY) i exoHOMi4HiCTH aTOMHOi eHepreTuku OaraTo B HOMY
BU3HAYAIOThCA KOHCTPYKLUIHHUMU MaTtepialaMu, 3 sIKMX BUroToBJieHi enemeHTH SEY. BuueHHs npuyuH 3MiHU
¢i3MKo-MexaHIYHUX BIACTUBOCTEN MaTepiaiB i 1X po3MipHOi cTabiIbHOCTI MPH ONPOMiHEHHI, BU3HAYEHHS pecypcy
pobotu enementiB SIEY B pi3HHX yMoBax, BUOIp i po3poOka MepCcreKTUBHUX MaTepialliB 3 BUCOKOIO pajialliiiHO0
CTIHKICTIO € OCHOBHMMM 3aBIAHHAMM pafiallifHOro Martepiajo3HaBcTBa. Y MpeACTaBieHil CTAaTTi PO3MIAAAIOTHCA
MeXaHi3MH palialifHOrO MOUIKOMKEHHS KOHCTPYKUIHHWX MartepialiB sIepHOi eHEepreTHKH, TpolieMu Ta
TIepCIIEKTUBY CTBOPEHHS palliallifHO CTIHKMX MaTepiaiB Ui AiF0YNX PEAKTOPIB i peakTOPiB HOBOTO MOKOJiHHS.



