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The paper describes the challenges and worldwide scientific studies aimed for the manufacturing of the fuel elements claddings tolerant
to a loss of coolant accidents (Fukushima NPP, March 2011, Japan) for water-cooled reactors. The main research results obtained at
NSC KIPT on the development of materials for fuel element claddings, tolerant to accidents with loss of coolant, are given. The
structure and properties of the developed vacuum-arc chromium coatings were investigated. It is shown, that these coatings can be used
as protective element for existing fuel claddings, made of zirconium alloys, in light-water reactors of the PWR and BWR types. Alloyed
SiC-based ceramic was developed to replace zirconium-based fuel claddings. It has been established that doping of 0.5 wt% Cr into
SiC leads to an increase in the ability to resist the formation of cracks (crack resistance) by 25 — 30%. The effect of Cr alloying on the
corrosion resistance of SiC ceramics under conditions, simulating the medium of the first circuit of the VVER-1000 reactor, is analyzed.
It was established that doping of even a small amount of Cr leads to a slowdown in corrosion processes in SiC ceramics. In order to
create new material for fuel elements claddings Fe-Cr-Al-based alloys with the doping of alloying elements (Y, Zr and Mo) were also
developed and studied. Obtained alloys showed high mechanical properties and resistance to high-temperature oxidation.
KEYWORDS: fuel elements cladding, corrosion, protective coatings, SiC/SiC composites, Fe-Cr-Al alloys

The term “ATFC” (Accident Tolerant Fuel Cladding) for water-cooled reactors came into use after the Fukushima
NPP accident in March, 2011, in Japan. At that time, at a distance of 130 km from the coastal area of Japan the grade ~ 9.0
earthquake took place, which caused the failure of NPP electric power lines, while the following earthquake wave flooded
and put out of action emergency diesel generators, which were at lower levels of the NPP site. That resulted in the final
and full NPP Station Blackout (SBO), and as a consequence, in the Loss-of-Coolant Accident [1]. Under this type of
accidents, an intense heat generation continues in the nuclear reactor, accompanied with a temperature rise due the nuclear
reactions in UO; fuel pellets. At about 950 °C, the reaction between the zirconium fuel-element cladding and steam,
known as the steam-zirconium reaction, begins

Zr + 2H,0 =ZrO, + 2H, + Q. )

At a temperature of 1200 °C, this reaction starts to develop rapidly with great heat liberation, thus becoming a self-
sustaining reaction, and that leads to fuel cladding melting (Fig. 1) [2]. Concurrent with heat liberation, a great amount
of hydrogen is also released (cf., ~ 0.5 / H, per one gram of reacting Zr), which is accumulated inside the reactor and the
reactor block, this inevitably leading to dangerously explosive situation.
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Figure 1. Evolution of a fuel rod under LOCA and SBO conditions [2]

To this date, it is common practice in the world to use for all water-cooled reactors the fuel claddings made of
zirconium alloys (E110, M5, Zirlo, Zircaloy 4, etc.), and thus, the danger of hazardous consequences in case of loss-of-
coolant accidents (LOCA) still remains. The creation of ATFCs should substantially improve the safe use of modern
nuclear-power engineering.
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Scientific studies into ATFC creation are carried out in different lines of research, and they differ in the term of their
realization. The near-term technologies imply the application of protective coatings to the surfaces of existing zirconium-
alloy claddings, whereas the mid-term technologies involve their complete replacement by claddings made from other
materials such as metal alloys based on FeCrAl, Mo/FeCrAl, and SiC-base ceramic materials (Fig. 2 [3]).
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Figure 2. Development of ATF fuel [3]

All these studies are aimed at reducing the cooling load during the LOCA by decreasing the heat-release rate and
the total volume of liberated heat (Q), which results from cladding oxidation under the action of high-temperature steam;
that, in turn, reduces the rate of temperature rise. The slower increase of temperature retards the process of reaction (1)
development, thereby providing some extra time for eliminating the accident and preventing its rapid development [4].
Therefore, the creation of ATFCs calls for the materials that show a considerably higher resistance to high-temperature
steam oxidation than that of present-day zirconium claddings. Various R&D programs to solve the problem [5, 6] were
initiated all over the world after the Fukushima accident. The undertaken studies have demonstrated that though the high-
temperature steam is by far a more corrosive medium than dry O, [7], still to protect zirconium alloys, oxide films can be
used. The films must be oxidation resistant in the high-temperature steam, and also, must be physically and chemically
stable, serving as barriers, which restrict solid-phase diffusion between the base material and O, OH and H,O. These
properties are exhibited by three classes of protective films, namely, chromium oxide, alumina and silica [8].

Although zirconium oxide exhibits exceptional thermodynamic stability in the steam, however at T> 1100 °C it
readily transmits oxygen, letting the base metal (zirconium) be unprotected. On the other hand, chromium oxide,
aluminium oxide, and silicium oxide show acceptable stability in high-temperature steam; they can react with the steam
and evaporate at higher temperatures [9-11], acting, though slowly, as efficient barriers for diffusion of reaction products
(oxygen and hydrogen). The oxidation rate of these films is approximately two orders of magnitude lower. This reduction
of oxidation rate directly leads to the decrease in the rate of heat/hydrogen generation in water-cooled reactors at LOCA-
type accident.

The present paper offers a short survey of research data obtained at the NSC KIPT, concerned with two directions
in creation of ATF claddings, being actively developed in various international programs.

COATINGS FOR FUEL CLADDINGS

The evident and developmental approach to creating the ATFC lies in applying protective coatings to the surface of
zirconium-alloy claddings. It is expected that thin coatings will have the minimal effect on the thermomechanical behavior
of Zr-based cladding [12], and have the potential to improve the cladding heat transfer characteristics. The coatings are
required to have the maximal adhesion to the cladding material and to be chemically stable with the cladding when in
normal service in water (T = 350 °C, P = 15 MPa) of the primary coolant circuit of the reactor, and also, they should
protect the cladding against rapid oxidation under LOCA-type conditions. As mentioned above, chromium, aluminium
and silicium oxides are the materials that are capable to show resistance to oxidation in the high-temperature steam. For
this reason, any protective coating of the ATF cladding must include at least one of the elements: Cr, Al or Si. The
protective coatings must have the radiation resistance as good as that of the zirconium cladding, on which they are
deposited.

The experimental studies have demonstrated that among a wide range of protective coatings applied to zirconium
alloys by different methods, it is the chromium coatings produced by the PVD method that show the best protective
properties [13-14].

Among other PVD methods, the vacuum-arc method of coating deposition has an essential advantage, viz., a high
degree of deposited material ionization, which is favorable for obtaining relatively thin (~10 to 20 um) high-adhesive
coatings without through pores. This method makes it possible to produce nanostructural multilayer coatings, including
ceramic coatings, at the deposition temperature that does not exceed the finishing treatment temperature of zirconium-
alloy claddings (~ 450 °C), thereby precluding the occurrence of structural changes in the made fuel elements, and also
without sacrificing their mechanical properties at test temperatures of 20 and 350 “C[15-17].
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Comprehensive studies are carried out at the NSC KIPT to develop and deposit protective vacuum-arc coatings onto
fragments of zirconium-alloy fuel tubes, as well as to investigate their influence on the mechanical properties at different
temperatures [15-17], oxidation resistance [18-20] and hydrogen saturation [21, 22]. Studies are also made to investigate
the radiation resistance of chromium coatings [23].

The 10 um thick multilayer Cr/CrN and Cr coatings, developed at NSC KIPT, substantially slow down the oxidation
rate of zirconium alloys in both the air and water steam at a temperature of 1100 °C over a period of no less than 3600 s.
The air-oxidation resistance of coatings on the E110 and Zr1Nb alloys at test temperatures ranging from 660 to 1100 °C
is independent of the alloy type and phase transformations in zirconium. The high resistance of the developed coatings is
determined by the formation of a dense chromium-oxide layer on their surfaces (Fig. 3) [18-20].
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Figure 3. Electron microscope images of metallographic sections of E110 tubes after air oxidation at 1100 °C during 3600 s:
a)uncoated, b) with protective Cr coating (10 um) [20]

It has been established in Refs. [21, 22] that at the test temperatures ranging from 350 ° to 550 °C, and at test
pressures of hydrogen (deuterium) between 0.01 and 0.8 Pa, the Cr and Cr/CrN coatings under study present a reliable
barrier to hydrogen penetration, and protect zirconium from hydride accumulation.

The radiation resistance of chromium coatings was investigated by the TEM methods after their irradiation in the
ESU-2 accelerator by 1.4 MeV Ar" ions at a temperature of 400 ° C in the dose range from 5 to 25 dpa [23]. The vacuum-
arc chromium coatings in the output state show a sub-microcrystalline structure with an average grain size of ~ 250 nm.
Inside the grains there are dislocations of density ~8x10'* m2. The electron-diffraction pattern of chromium coating shows
textured maxima in the form of points, this being indicative of the oriented growth of some grains. Adjacent to the points,
there are the maxima in the form of round brackets, which attest to the presence of grains of random orientation.
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Figure 4. Dose dependence of average size, concentration of voids and swelling in irradiated Cr coatings [23]

Under exposure to a dose of 5 dpa, the radiative swelling of chromium coatings has been found to be ~ 0.16 %, and
with a dose increase up to 25 dpa, it attains 0.66 % (Fig. 4), this pointing to a high radiation resistance of the developed
chromium coatings.
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The given research results demonstrate that the vacuum-arc chromium coatings can be used to provide corrosion
and oxidation protection of zirconium-alloy claddings for water-cooled reactors of PWR and BWR types.

SiC-BASED FUEL CLADDINGS

The SiC-based materials exhibit such attractive properties as high-temperature oxidation resistance [8], high-
temperature chemical stability, strength and resistance to radiation damage, which make these materials most promising
for applying as ATFC in water-cooled reactors. At present, the R&D world activities in production of SiC-based claddings
are mainly performed in two separate directions using:

1. The Chemical Vapor Infiltration (CVI) method being the most common approach in the world to cladding
production. The method includes the vapor-phase deposition of SiC onto SiC fibers that results in production of high-
purity crystalline SiC composite showing a high radiation resistance but a relatively low density (porosity being 10 to
25 %) [24, 25].

2. The Nano-Infiltration and Transient Eutectic-phase (NITE) method, mainly used in Japan, involves the infiltration
of SiC-fiber with B-SiC nanopowder with a further use of the hot pressing (HP) technique to produce the claddings made
of SiC/SiC composite. The method ensures the production of high-density material with improved physical-mechanical
properties [26, 27].

The NSC KIPT scientists are involved in the development of SiC-based materials using the high-speed hot pressing
(HSHP) method [28], and also, in the studies into the influence of alloying additives on the mechanical characteristics of
produced materials [29] and the SiC-based materials corrosion-resistance under hydrothermal conditions [30].

The studies in ref. [28] were aimed to establish optimum process parameters for producing the high-density SiC
ceramics by the HSHP method. The method is based on passing directly the current through the press mold and the
material sintered, and has an essential advantage over the HP method for the sintering rate (up to 400 ‘C/min.). Thus,
during rapid heating, the process of sintering instantaneously passes through the low-temperature stage with usual
dominance of the mechanisms of grain growth, and goes to the high-temperature stage, now with the dominance of
densification mechanisms. Besides, the concentration of heat evolution on the particle surface causes the melting of
surface layers and the destruction of oxide films with the result that chemical reactions get accelerated [31].

Figure 5 shows the cleavage structures of SiC ceramics produced at non-optimal/optimal process parameters of the
HSHP method (Figs. 5a and 5b, respectively). It is found that the best physical-mechanical properties of SiC ceramics are
attained at the sintering temperature T = 2050 °C , pressure P = 40 MPa and the holding-pressure time t = 30 min. The
obtained ceramics exhibits a high density (up to 99.4 % of the theoretical value), the hardness 27.3 + 0.5 GPa, and the
monolithic and homogeneous structure with clear-cut grain boundaries and with the signs of brittle failure (Fig. 5b).
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Figure 5. Microstructure of SiC ceramics cleavage: a — non-optimal parameters, b — optimal parameters of the HSHP method [29]

Paper [29] is concerned with the improvement of physical-mechanical properties of SiC through introduction of
different alloying additives (Table 1).
Table 1.
Hardness and fracture toughness values of SiC

Samples Density, g/cm? Open porosity, % Hard(t}lgsas Hy, Cracl;(ir’ol\v;/[tfl)l;fsll /sztance
SiC 3.19 0 27.3 4.3
SiC +Cr 3.16 0-1 28.0 6.2
SiC +Si 3.18 0-1 30.0 4.7
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As is seen from the given data, at similar values of density, open porosity and hardness, the fracture toughness values
have increased in the samples with Cr and Si additions. For example, the fracture toughness parameters increase from
K¢ = 4.3 MPa-m'? for the SiC ceramic samples up to K. = 6.2 MPa-m!”? for the SiC samples with Cr additions. Figure 6
demonstrates the influence of the Cr addition on the coefficient of fracture toughness. Thus, at the same load of 9.81 N,
one can see that in the SiC sample with Cr additions (Fig. 6b) no noticeable cracks are observed, whereas in the pure SiC
sample (Fig. 6a) the cracks do exist.

~25.5 nm ~25.0-26.0 nm

b
Figure 6. Effect of Cr on the coefficient of fracture toughness of SiC
a—pure SiC, b — SiC with Cr additions [30]

Obtained results may have a substantial effect on the production technology of SiC-matrix in SiC/SiC composites
for manufacturing the fuel element claddings since there is a problem of manufacturing thin-walled tubes (claddings)
from a brittle SiC ceramics, which has low values of the fracture toughness coefficient.

Experiments were made in [30] to investigate the behavior of SiC ceramics under hydrothermal conditions. It is
known that in spite of corrosive resistance in a high-temperature steam, the SiC-based ceramics dissolves in high-
temperature water, i.e., under conditions of non-emergency service in water-cooled reactors. The possibility was
demonstrated to exist for the radionuclides to release from the nuclear fuel through the fuel element cladding to the coolant
due to the occurrence of hydrothermal corrosion and microcracks [32]. The undertaken research suggests that for
decreasing the rate of SiC dissolution under hydrothermal conditions, the methods should be developed for alloying of
anticorrosive additives, and also, for use of corrosion-resistant coatings, or both methods in combination [33, 34].

As indicated above, the best corrosion-resistance data were obtained for the coatings based on Cr. This element is
used in the development of metal alloys based on FeCrAl and Mo/FeCrFl, which exhibit high corrosion resistance [8].
Besides, Cr is used for improving the corrosion resistance in steels, e.g., the introduction of no less than 12 % Cr into the
alloy drastically increases the corrosion resistance (stainless steel). Taking this into account, Cr was chosen in [30] as the
main anticorrosion alloying additive.

Table 2 and the plots (Fig. 7) give the hydrothermal corrosion test data for the SiC samples (without/with Cr and Si
additives) produced by the HSHP method at a water temperature of 350 “C and a pressure of 16.8 MPa. After 100 hours
of holding time, the SiC samples with Cr additives exhibited the increase in mass per area of ~ 3.27 mg/dm?. At that, the
masses of SiC samples with and without additives get decreased. Then, the mass reduction is observed in the samples
with Cr additions, too. However, as it can be seen from the plot (Fig. 6), the best corrosion resistance under hydrothermal
test conditions was shown by the SiC ceramics with Cr additions.

Table 2.
Corrosion test results for SiC samples
Test duration | SiC + Cr, SiC, SiC+Si,
(hours) mg/dm?> | mg/dm? | mg/dm?

0 0 0 0

100 3.27 -4.01 -2.74

350 -3.07 -7.27 -4.96

600 -5.42 -8.27 -7.20

1000 -8.49 -12.53 -10.66

Some teams of scientists who investigated the hydrothermal corrosion of silicon carbide [35, 36], have indicated
that the following thermodynamic reactions may occur between SiC and water:

SiC + 2H,0 — SiO, + CHy; 2
SiC + 4H,0 — SiO, + CO, + 4H, 3)
SiC + 3H,0 — Si0, + CO + 3H, “4)
SiC + 2H,0 — SiO, + C + 2H, Q)
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Figure 7. Results of corrosion tests of SiC samples [31]

As is obvious, by reactions (2) to (5), protective SiO, films are formed on the SiC surface. On this basis, the corrosion
resistance difference can be explained by the formation of corrosion-resistant products (Cr,O3, and Cr,Cy), which have a
substantial effect on the capacity of SiO, films for passivation of sample surfaces.

Relying on the obtained data, it can be argued that the presence of even minor Cr additives content radically changes
the behavior of the ceramics during oxidation, and leads to the formation of more corrosion-resistant protective SiO; films
on the SiC sample surfaces with Cr additives, essentially reducing the corrosion under hydrothermal conditions.

FE-CR-AL-BASED ALLOYS AS A MATERIAL FOR FUEL CLADDINGS

Fe-Cr-Al based alloys are considered within the ATFC concept as one of the possible options for replacing traditional
zirconium alloys for nuclear fuel claddings after the accident at the Japanese nuclear power plant Fukushima [8, 37].
These alloys have increased oxidation resistance (and, as consequence, reduced hydrogen accumulation) and higher
strength compared to zirconium alloys, at least up to 1300 °C. A distinctive feature of Fe-Cr-Al based alloys is the
formation of a thin protective alumina film during the high-temperature tests in water vapor [7] and high corrosion
resistance during tests under conditions close to the normal operation, due to the formation of a spinel film from chromium
and iron oxides [38]. In addition, the advantage of these alloys relative to the corrosion-resistant austenitic steels is the
absence of nickel, the presence of which is undesirable in materials for thermal neutron reactors [39]. These alloys also
satisfy the requirements for fuel cladding materials in terms of the complex of neutron-physical characteristics and
radiation resistance [40, 41].

The study of the effect of alloying elements (Y, Mo and Zr) on the structure, heat resistance, physical and mechanical
properties of alloys based on the Fe-Cr-Al system was carried out at NSC KIPT [42]. Six alloys (No. 1 — No. 6) were
selected as materials for the study, two of which (No. 1 and No. 2) were industrial Kanthal alloys grade X23US5T:
No. 1 - Kanthal alloy, grade X23US5T; No. 2 — Kanthal alloy after remelting; No. 3 — 72.5Fe-21Cr-6Al-0.5Y;
No. 4 - 72Fe-21Cr-6Al-1Y; No. 5 — 70Fe-21Cr-6Al-1Y-2Mo; No. 6 — 63Fe-23Cr-9Al-1Y-2Mo-2Zr (all values are
in wt %). XRD analysis showed that all alloys were single-phase (except the alloy No. 6) and consisted of a bce phase
(Fig.8a). It was established that molybdenum is uniformly distributed over the alloy, while yttrium is concentrated at grain
boundaries and in oxide precipitations. Alloying Kanthal with 2%wt zirconium leads to the formation of a microstructure
which consists of grains of the matrix bce phase and intergranular eutectic “BCC matrix phase + FCC Laves phase ZrFe,”.
The main amount of yttrium and zirconium is concentrated in the eutectic.
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Figure 8. Diffraction patterns of Fe-Cr-Al alloys: a) initial state; b) after oxidation in air at T = 1300 °C for 3 hours
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The effect of the alloys composition on their resistance to high-temperature oxidation was investigated by annealing
in the furnace in air at temperature T = 1300 °C for 3 hours and atmospheric pressure. The results of this study are shown
in Fig. 9.

All samples after high-temperature oxidation tests showed an increase in weight without shedding (peeling) with the
formation of a dense dark-gray oxide film on the surface (Fig.10). The lowest mass gain (0.3 mg /cm?) was observed in
the samples doped with Y and Mo, and the highest (7.2 mg /cm?) - in the samples doped with Y, Mo and Zr. Such different
behavior of alloys during oxidation is associated with the formation of oxide layers of different phase composition on
their surface. According to the X-ray diffraction analysis all samples consist of bcc matrix phase and alumina Al,Os-a
(Fig.8b). Diffraction pattern of the alloy No. 6 (which shows the lowest stability) also revealed the presence of hematite
Fe;0;-a and tetragonal zirconia ZrO,-t in addition to the bce phase and Al,Os-a. Le., in this case, oxidation occurred not
only of alloying elements but also of matrix elements.

Am, mg:‘cm2

0 ] N N e
5

1 2 3 4 6
sample No
Figure 9. Mass gain of the Fe-Cr-Al samples after oxidation in Figure 10. Appearance of the Fe-Cr-Al samples after
air at T = 1300 °C for 3 hours high-temperature oxidation

Table 3 shows data on the mechanical properties of the investigated alloys. As it can be seen, alloying the Fe-Cr-Al
alloys with various chemical elements affects their mechanical and wear-resistant properties. Parameters H/E and H3/E?
are used to assess the wear resistance and resistance of materials to plastic deformation, respectively [43, 44].
Nanohardness, Young's modulus, microhardness and compressive yield strength decrease for alloys alloyed only with Y
(samples No. 3 and No. 4). Additional alloying with molybdenum (sample No. 5) leads to an increase in nanohardness
and microhardness. Simultaneous alloying with Y, Mo and Zr (sample No. 6) increases all mechanical characteristics of
the alloy, and the parameters H/E and H3/E? are the highest among all the alloys under study.

Table 3.
Mechanical properties of the Fe-Cr-Al alloys (p — density, H — nanohardness, E — Young’s modulus,
H" — microhardness at load of 200 g, o — compressive yield strength, Vs — cavitation failure rate)
Mechanical properties
Sample No 102
P p, g/em’ Gl—ll;a GFi;a H/E | HYE%,GPa | H ioo , GPa kgc;;;ﬁlz m\r/rsﬁ}}(z)e;r
1 6.8 3.6 230.6 | 0.016 8.8-10* 2.35 60.2 9.7
2 7.13 3.7 218.7 | 0.017 1.1-10° 2.40 53.4 19.6
3 7.2 33 220.6 | 0.015 7.4-10* 2.22 44.2 18.8
4 6.82 3.4 217.5 | 0.016 8.3-10* 2.45 55.7 -
5 6.93 3.7 2194 | 0.017 1.1:10°3 2.51 54.5 27.3
6 6.56 4.9 215.6 | 0.023 2.5-103 3.42 97.6 4.57

Since the strength characteristics of Fe-Cr-Al-based alloys are not worse than those of zirconium alloys, the most
important characteristic for using these alloys as reactor material is their resistance to high-temperature oxidation.
According to this alloy No. 5 (70Fe-21Cr-6Al-1Y-2Mo) is the most promising among the alloys under study.

CONCLUSIONS

The paper provides a brief overview of the main directions on the R&D of materials for fuel element claddings in
the world and the research results on the development of materials for the ATFC at NSC KIPT:

- Developed chromium vacuum-arc coatings with a set of their properties can be used to provide protection against
corrosion of fuel claddings made of zirconium alloys for water-cooled reactors of the PWR and BWR types and to prevent
LOCA type accidents.

- Technical parameters for obtaining SiC ceramics by the VGP method with high physical and mechanical properties
were optimized. It has been shown that alloying SiC ceramics with chromium leads to an increase in the crack resistance
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coefficient (K;c) by 25 — 30% and slows down corrosion processes under hydrothermal conditions corresponding to the
normal operation of water-cooled reactors. Obtained SiC based ceramics can be used as a SiC matrix in SiC/SiC
composites for the manufacturing of fuel element claddings.

- Experimental alloys based on Fe-Cr-Al alloyed with Y, Mo and Zr were developed, their structure, heat resistance,
physical and mechanical properties were investigated. Studies have shown that these alloys can be a promising material
for reactor fuel claddings to replace traditional zirconium alloys within the ATFC concept.

The results obtained at the NSC KIPT can be taken into account and applied to solve the problems of fuel claddings
manufacturing for water-cooled reactors in the framework of the safe and sustainable development of nuclear energy in
Ukraine.
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JOCJLIKEHHSA I PO3POBKA HOBUX MATEPIAJIIB VIS TAJIMBHUX EJTEMEHTIB SIIEPHUX PEAKTOPIB,
CTIMKUX O ABAPIMHIUX CUTYAILIA
K.B. Jlo6ay?, O.C. Kynpin?, C.}O. Caenxo?®, B.M. Boesoain*P, I.B. Koaoxiii®
“Hayionanvrui naykosuil yeump «Xapxiscokuil @izuxo-mexniunuil incmumymy, 61108, Xapxis, Vkpaina
bXapxiscoxuii nayionansnuii ynisepcumem imeni B.H. Kapaszina, 61022, Xapxie, Yipaina

B po6oti nokasani CBITOBI HayKOBi HAIPsIMU IO CTBOPEHHIO OOOJIOHOK TernroBuauLIounx enemeHTiB (TBDJI) criiikux 1o aBapii i3
Brparoro Teronocis (AEC dykycima, Snonis, 6epesens 2011 p.) st BoI0-0X0JI0/DKYBaHUX peakTopiB. HaBeneHi OCHOBHI pe3yJibTaTi
nociimkeHb orpumanux B HHI[ XTI, mono crBopenns marepianis wis obononok TBEJI criiikux 10 aBapiif i3 BTpaToOr TEIUIOHOCISL.
JocmikeHi CTpyKTypa Ta BIACTHBOCTI PO3POOJICHHX BAaKyyMHO-IYTOBUX XPOMOBHX IIOKPHUTTIB, SIKI MOXYTh OyTH BHKOPHCTaHI UL
3aXHCTY ICHYIOUMX MaTUBHUX 00OJIOHOK i3 IUPKOHIEBHX CIUIABIB /IS JISTKOBOAHKX peakTopiB Tuiry PWR Ta BWR. Po3po6iiena snerosana
kepamika Ha ocHOBI SiC m1s 3aMiHM TATMBHHUX 00OJIOHOK 13 IIMPKOHI€BHX CITaBiB. Betanosieno, mo sBeaentst 0,5% Cr B SiC npu3BoauTtsh
JI0 TTIBHUINECHHS 31aTHOCTI YMHUTH OIIp yTBOPEHHIO TPIIHH (TPIMHHOCTIHKICT) Ha 25 — 30%. IIpoananizoBano BmmB Cr Ha KOpO3iHy
crifikicts SiC kepaMiku B yMOBax, IO IMITYIOTb cepemy 1-ro koHTypy peakropa BBEP-1000. BcranosneHo, o BBEAEHHS HaBiTh
HeBEeNMMKOi KiTbKocTi Cr MPU3BOUTH 0 YHOBUIEHEHHS! KOpo3iiHKX mporeciB B SiC kepaMilli. 3 METOI0 CTBOPEHHSI HOBHX METaJIeBUX
MAJMBHUX 00O0JIOHOK TaKOXK OyJIK po3pobieHi Ta pociikeHi criaBu Ha ocHOBI Fe-Cr-Al 3 no6aBkoro neryrouunx enemeHtiB (Y, Zr ta
Mo). [Toka3zaHo BUCOKiI MEXaHiUHI BIIaCTUBOCTI Ta CTIHKICTh OTPUMAHUX CILIABIB 1010 BUCOKOTEMIIEPATYPHOTO OKUCIICHHSL.
KJIFOYOBI CJIOBA: 0060j10HKa MAIMBHAX €IEMEHTIB, KOpo3ist, 3axucHi nokputts, SiC/SiC xommnosur, cruiasu Fe-Cr-Al

HUCCIEJOBAHHUE U PABPABOTKA HOBBIX MATEPHUAJIOB JJI51 TONJIMBHBIX 9JIEMEHTOB AJEPHBIX
PEAKTOPOB, CTOMKHAX K ABAPUMHBIM CUTYALIASM
K.B. Jlo6au?, A.C. Kynpun?, C.IO. Caenko?, B.H. Boesoaun®®, U.B. Kosonuii®
“HayuonansHolli Hay4nulil yenmp «Xapbkogckuil pusuxo-mexuudeckuti uncmumymy, 61108 Xapvros, Yrpauna
bXaporosckuii nayuonanvuoiii ynusepcumem umenu B.H. Kapaszuna, 61022, Xapvkoe, Yipauna

B pabote moka3aHbl MHUpPOBBIC HAyYHBIE HANPABICHUS IO CO3IAHUIO OOOIOYEK TEIUIOBBLICIIOMIX dmeMeHToB (TBDJI) yeroitumBeix K
aBapusiM ¢ rotepeii Teronocutens (ADC dykycuma, Snorns, Mapt 201 1 roaa) 11 BOOO-0XJIKIaeMBIX peakTopoB. [IprBeieHp OCHOBHBIE
pe3ynbTatel uccnenoBanuii, monydeHHbx B HHI XDTHU, no co3nanmo matepuanoB i 06oiodek TBDOJI, ycTOWYMBBIX K aBapHsM C
niotepeii TeruioHocuTers. VccenoBaHbl CTPyKTypa B CBOIMCTBA pa3pabOTaHHBIX BaKyyMHO-IyTOBBIX XPOMOBBIX OKPBITHIH, KOTOPIE MOTYT
OBITB UCIIOJIB30BaHBI JUIsl 3ALIUTHI CYIIIECTBYIONIHX TOIUTMBHBIX 000JI04EK C IMPKOHNUEBBIX CILUIABOB JUIs JISTKOBOJHBIX peakTopoB THrna PWR
n BWR. PazpaGorannas nernpoBanHas kepamuka Ha ocHoBe SiC JULst 3aMeHbI TOIUTMBHBIX 000JI04YEK C [IMPKOHUEBBIX CIUIABOB. Y CTAaHOBJICHO,
yro BBeaeHue 0,5% Cr B SiC NPUBOAKT K MOBBILICHUIO CIIOCOOHOCTH COIPOTHUBIIATHCS 00Pa30BAHUIO TPELIUH (TPEIIMHOCTORKOCTD) Ha 25 —
30%. IIpoananusuposano BiusHue Cr Ha KOPPO3HOHHYIO CTOMKOCTh SiC KepaMHMKM B YCIOBHSIX, MMUTHPYIOIMX cpedy 1-ro KOHTypa
peakropa BBOP-1000. YcTaHOBNIEHO, 4TO BBEICHHE Jake HEOOBIIOro KommdecTsa Cr MPHBOIXT K 3aMEICHHIO KOPPO3HOHHBIX IIPOLIECCOB
B SiC kxepamuke. C 1e/IbI0 CO3IaHNS HOBBIX METAUIMYECKUX TOIUTMBHBIX 000JI0YEK Takke ObUIM pa3paOOTaHbl M UCCIIEIOBAHBI CIUIABHI HA
ocHoBe Fe-Cr-Al ¢ moGaBkoii nerupyronmx smeMeHToB (Y, Zr 1 Mo). Iloka3zaHo BBICOKHE MEXaHMYECKHE CBOWCTBA U yCTOHYHMBOCTH
TIOJIyYEHHBIX CIUIABOB K BBICOKOTEMIIEPYTYPHOMY OKUCIICHHIO.

KJIFOYEBBIE CJIOBA: 06051049Ka TOIUTMBHBIX 3JIEMEHTOB, KOPPO3usi, 3amuTHbIC MOKphITUs, SIC/SiC xoMmo3utsl, criasl Fe-Cr-Al



