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The use of aluminum alloys in nuclear power is limited by the properties of these alloys in the irradiation zone.
The use of electron accelerators is an effective technique for simulating real operating conditions. As a result of
irradiation, a whole complex of factors begins to work in the targets, which change the properties of these targets.
Pulsed electric and magnetic fields appear, shock waves are generated, and gradient heating occurs. All this together
changes the structure and properties of the targets. To irradiate the samples, electron beams with an energy of
8.2...8.3 MeV and a beam current of 0.8 mA were used. The work studied changes in the structural-phase state of an
aluminum alloy of type 2014. For samples, before and after irradiation, an analysis of changes in mechanical
characteristics (hardness, ultimate strength, proof strength) was carried out. Diffractometric studies were performed.
These studies made it possible to determine changes in the phase composition. The intensity values of the diffraction

lines were obtained.
PACS: 29.25.Bx, 61.80Fe, 29.27Ac

INTRODUCTION

The use of multicomponent aluminum alloys in
industry, automotive, and aircraft manufacturing is due
to their wide range of properties. One of the important
areas of use of aluminum alloys is energy, including
nuclear energy.

Aluminum alloys have high thermal conductivity
and electrical conductivity. Alloys have low erosion
properties. Aluminum alloys have low weight and have
high strength characteristics. The specific strength of
aluminum alloys is 2—2.8 times higher than at steel.

Currently, technological standards for the production
of aluminum alloys have been developed. Also,
methods for producing parts from aluminum alloys are
well known and certified. Processing of aluminum
alloys is a technologically and relatively cheap process.

However, aluminum alloys have a number of
disadvantages. So, during operation, their properties
may deteriorate. Strength, electrical and thermal
characteristics change

By a perspective method for the change of properties
of materials there is irradiation of these materials with
ionizing radiation [1-7]. Gamma radiation, X-rays
beams, and beams of charged particles (electrons,
protons and ions) can be used as ionizing radiation.

Also, the question of influence of ionizing radiation
on aluminum alloys is also interesting in scientific plan.
Scientific interest is based on the fact that aluminum
alloy products are widely used in nuclear energy and
exposed to influence of different ionizing radiations.

As a result of irradiation by a beam of accelerated
particles, radiation exposure and thermal heating occur.
During irradiation, heating has specific characteristics
and differs from an ordinary heating. Surface melting is
possible.

During irradiation, a change in the phase
composition of the sample is possible [5-9]. As a result
of irradiation, it is possible the delete of different
parasitic phases that contain impurities [8-13]. These
processes increase the purity of alloys [7-13]. Also,
evaporation of low temperature additives occurs from
the surface [6-13].

PURPOSE OF WORK

It is necessary to study how the properties, structural
phase state and basic characteristics of aluminum alloy
(2014) change as a result of irradiation.

In particular, it is necessary to study the patterns of
appearance of various structural disturbances and
defects in a sample of alloy of aluminum alloy (2014),
which occurred as a result of irradiation with
accelerated electron beams. To trace the dynamics of
development of structural changes. Determine the
general patterns of changes in the structure of alloy of
aluminum (2014).

Make a forecast of changes in the physical and
mechanical characteristics of the alloy (2014) during
irradiation. Based on diffractometric researches, analyze
the phase composition of irradiated and non-irradiated
samples of alloy. Find out the reasons for changes in the
phase composition of samples of alloy.

CONDUCTING EXPERIMENTS
AND DISCUSSION OF RESULTS

The work was carried out in several stages. Initially,
the material for research was selected. Samples have
been prepared for the experiment. Then sources of
ionizing radiation and types of ionizing radiation were
identified. At the next stage, radiation doses were
selected and work on irradiating the samples was
performed. Specimens of a certain type are made from
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irradiated plates of material. Samples are executed in a
kind which is needed for the lead through of mechanical
tests and diffractometric researches [8].

The work studied aluminum alloy (2014). An alloy
conforms to the requirements which are expounded in
normative documents: 1SO 209-1 and TU 007-
49421776-2011.

The alloy contains the following additives: Al; Cu
(3.9...4.8 wt.%), Mg (0.4...0.8 wt.%), Fe (0.7 wt.%),
Si(0.6...1.2wt.%), Zn (0.3wt.%), Ti (0.1wt.%),
Ni (0.1 wt.%), P (0.03 wt.%), S (0.03 wt.%). The alloy
contains manganese (Mn (0.4...1.2 wt.%)). Manganese
is a strengthening additive.

Aluminum alloy (2014) has high strength
characteristics. Its strength and rigidity is 10 times that
of pure aluminum. The alloy has a large anisotropy of
mechanical properties. It is used as a building material
in nuclear energy and in the construction of storage
RAW [14]. Aluminum alloy (2014) is one of the
components of composite radiation-protective materials
[15-18].

An alloy (2014) was irradiated with accelerated
electron beams. The LUE-10 accelerator was used as a
source of accelerated electrons. Its main parameters are
given in [19]. The electron beam had the following
characteristics: electron energy ~ 8.2...8.3 MeV, beam
current — 0.8 mA. The condition of vacuum equipment
was monitored using IR radiometric methods [20]. To
record the temperature of the samples, a remote
diagnostic system was used [21]. The remote diagnostic
system operates in the optical and infrared range.

The samples were in the form of plates
80x40x3 mm. For different samples, the irradiation time
was different. After processing, the samples were kept
for 1 year to comply with radiation safety standards.
The base (non-irradiated) sample was designated by the
index (H). The remaining samples were irradiated over
the following time intervals: sample No4 — 210s,
sample No 6 — 290 s.

During this treatment time, an energy flux density of
10% el./cm?* was obtained. These fluences are not
enough for the evolutionary accumulation of radiation
defects. However, in this case, the factor of heating the
samples to temperatures of 420...500 °C is triggered. At
the same time, recrystallization processes are initiated
and secondary phases begin to separate.

Also, in the volume of the sample, the electronic
subsystem is activated and a temperature gradient flow
appears. The process of electron irradiation enhances
these processes. During irradiation, the structure of the
surface and the sample itself changes.

The structure of the surface layer of the aluminum
alloy was studied using optical microscopes MIM-6,
MBS-9, BRESSER-NV-1200. Research was also
carried out using a JEOL JSM 840 scanning electron
microscope.

The microstructure of the surface of the samples is
shown in the photograph (Fig. 1).

The processes of collective recrystallization pass in a
sample. Large grains appear. It is visible on the pictures
of surface of samples (see Fig. 1).

b

Fig. 1. Surface of samples of alloy 2014: a — sample
before irradiation (sample No 3); b — sample after
irradiation (sample No 6, exposure 290 s)

Characteristic size of grains of the second phase,
makes a few microns (see Fig.1,a). The amount of
grains of the second phase is small. We also observe the
appearance of large grains of the third phase. In the
original samples, grain boundaries are almost not
visible. Presumably, the alloy of primary sample was
deformed. There is insignificant metallography texture
on a photograph.

The microstructure of the irradiated samples (see
Fig. 1,b) differs slightly from the microstructure of the
original samples (see Fig. 1,a). In irradiated samples, the
metallographic texture is more clearly visible. Grain
boundaries and free of excretions near the grains are
also visible. All this confirms that recrystallization
processes are occurring.

To determine changes in the characteristics of
samples of alloy 2014, microhardness measurements
were performed. Microhardness was measured both on
the surface of the alloy sample and on his depth of the
sample. Initially, the microhardness on the surface was
measured. The measurements were performed according
to the Vickers method.

A LECO LM700AT microhardness tester was used,
with an applied load of 25g. The hardness on the
surface was 135.8 kg/mm? for the unirradiated sample.
The grain size in the original sample (H) turned out to
be 29 um. The grains are unevenly grained. There is a
30% variation in equiaxiality. As a result of irradiation
of the sample, its hardness decreased and the grain size
increased. Thus, for sample No 6 (irradiation time
290 s), the hardness was 114.1 kg/mm?, and the grain
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size was 38 um. In the irradiated sample, the
microhardness decreased and the grain size increased.

All these changes occur as a result of collective
recrystallization processes, which are initiated by the
action of an accelerated electron beam. Large grains
appear on the surface, which are surrounded by smaller
grains (see Fig. 1,b).

In order to obtain macromechanical characteristics,
tests were performed on a tensile testing machine. For
this purpose, samples of a certain shape were made from
alloy plates, which are used in a tensile testing machine
(length 35 mm, width 2 mm and thickness 4 mm). Tests
were carried out at a temperature of 300 K. Photographs
of the surface of the ruptures and their locations are
presented in [8].

It was found from experiments that the break point is
in the middle of the sample. The location of break does
not depend on the radiation dose. The breaks were
fragile. All samples have a slight narrowing of neck of
break. For all samples, there is no elongation of neck of
break. The diagrams of stretch are shown on the graphic
in Fig. 2.

40

4 6 8 10 12 14 16 18 20 22 24 26 28
Fig. 2. Graphs of stretch diagrams:
1 — unirradiated sample (No H),
2 —irradiation 4 (210 s); 3 — irradiation 6 (290 s)

From the graphs we find that the force that was
applied to the non-irradiated sample is higher than the
forces that were applied to the irradiated samples. That
is, at the initial stages of deformation, softening
processes occur in irradiated samples, which are greater
than in non-irradiated samples. With further stretching
(deformation), the opposite effect occurs. That is, there
is a slight strengthening of irradiated samples compared
to non-irradiated samples.

Also, the following parameters were measured:
tensile strength (og), yield strength (og,), maximum
elongation to failure (Table 1).

From a Tablel evidently, that these sizes are
increased, when the time of exposure to the electron
beam increases of the sample of alloy.

The analysis of presence and distributing of
including of different phases was conducted in material
of alloy 2014.

Manganese is present in the alloy in the form of
dispersed particles (Al;,Mn,Cu) (phase of T). Inclusions
based on manganese (MnsAl,) were also discovered [4,
7-13, 22]. The phases of manganese (Al;,Mn,Cu and
MnszAly) improve the mechanical properties of alloy
2014.

Table 1

Experimental values of 6g, 6o2, maximum
elongation to break

Sirrrr]]pbfr Tensile Yield Maximum
(exposure strength chB, Stress 0022, elongation
time, s) kg/mm kg/mm® | to break, %
H 28 20 14
4 (210) 30 23 15
6 (290) 33 27 17

It has been found that silicon forms the phases of
Mg,Si and W(AI,MgsCugSiy) [4, 7-13, 22]. At the same
time, the main phases that contribute to hardening are
reduced.

In addition, alloy 2014 contains inclusions of
impurities that worsen the mechanical characteristics.
Among them are inclusions of iron, sulfur, and
phosphorus [8-13, 22].

Iron is found in the form of impurities. Basically,
these are insoluble inclusions in the form of plates,
which have the following composition (MnFe)Als. In
addition, an alloy of Al,Cu,Fe is formed [4, 7-13, 22].
This alloy does not dissolve in aluminum.

These inclusions also bind copper. The presence
inclusions of iron ((MnFe)Alg and Al,Cu,Fe) in the
alloy of 2014 reduces the strength and ductility.
Therefore, in the alloy 2014, the amount of impurities of
iron should not exceed 0.7% [8-13].

Alloy 2014 contains phosphorus and sulfur. The
amount of sulfur and phosphorus impurities is small.
However, even small quantity of phosphorus and sulfur
impurities worsen the characteristics of alloy 2014 alloy
and reduce its strength characteristics [8].

We studied how the amount of inclusions of sulfur
and phosphorus changed as a result of irradiation. After
irradiation of sample 2014, the amount of phosphorus
and sulfur inclusions decreased. Their number is
minimal for the sample of alloy with the maximum time
of irradiation. Consequently, as a result of processing
the samples of alloy with an electron beam, the material
is cleaned.

X-ray diffraction analysis of the samples showed
that there is a change of phases in an alloy as a result of
irradiation with an accelerated electron beam. A
decrease in the inclusions of MnsAl, and Mg,Si was
found. These inclusions increase the hardness of alloy
2014. Their reduction reduces the characteristics
hardness. Measurements hardness at the surface and in
the cross section confirmed that the decrease in the alloy
of inclusions of MnzAl, and Mg,Si contributed to the
decrease in the hardness of alloy 2014.

Measurements of microhardness in the cross section
of the sample were performed. For this, samples were
cut from the plates irradiated and cross sections were
made. A microhardness tester PMT-3 was used as a
measuring device, with a load of 50 g.

The results are the average hardness values obtained
from ten measurements. Measurements were made for
the front plane of the sample (1) and in the middle of the
sample (2). The results are shown in Table 2.

84 ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne1(149)



Table 2
Experimental values of microhardness on surface
of sample (1), in the middle of sample (2)

Sample Number| Microhardness | Microhardness
(time, 9) (1), kg/mm? (2), kg/mm?
H (0) 129.7 124.2
6 (290) 84.5 89.2

From the Table 2 evidently, that in the initial
sample, the microhardness near the surface is slightly
higher than in the middle of the plate. The reason may
be the hardening of the surface layers due to the
inhomogeneity of the deformation during rolling. After
irradiation, we observe a decrease in microhardness on
50%.

The decrease in microhardness after irradiation is
apparently associated with thermal effects during
irradiation. Recrystallization processes also have a
significant effect on microhardness. It was also found
that after irradiation, the microhardness of the middle of
the sample is greater than the microhardness of the
surface layer on the side of irradiation.

The reason that the microhardness in the central part
of sample is higher than on the surface may be the
appearance of the “pre-decomposition” process. That is,
along with the recrystallization processes for the main
phase, which lead to a decrease in microhardness, a
“pre-decomposition” process appears for the second
phase.

As a result of this process, the second phase is
formed and its volume fraction increases. These effects
occur as a result of the appearance and growth of
particles of the second and even third phase. These
processes lead to increase microhardness in the central
part of the sample. The appearance of particles of the
second phase was noted on the diffraction patterns

Fig. 3.
To perform diffractometric studies, an X-ray
diffractometer (DRON-4-7) was used. X-ray

diffractometer operates in copper Cu-Ko radiation.
When working on it, a nickel absorbing filter is used.
This filter has selective absorptive properties. The
resulting diffracted radiation was recorded using a
scintillation detector.

The diffraction patterns were processed using
standard procedures: a) delete of background image;
b) performing of procedure of smoothing; c¢) selection of
size of peak of Koj-dubleta; d) approximation of the
diffraction peak using the pseudo-Voigt function.

Carrying out these procedures makes it possible to
determine the characteristics of diffraction maximums.
Among the characteristics of diffraction maximums, the
most informative are: angular position 26, intensity I,
half-width FWHM, integral width B.

Samples were prepared for measurements. The
samples had dimensions of 18x18x4 mm. After the
leadthrough of measurings were got diffraction patterns
(see Fig. 3).

On Fig. 3.a shows a graph of the diffraction pattern
of the original sample, this was designated by the index
(H). Lattice parameter a=4.0504 A. With this
sensitivity of the method, no traces of other phases were
detected. The intensity distribution for lines of

aluminum differs from the textureless state. The surface
texture is complex for the unirradiated sample 2014.
The reason for the appearance of a complex texture may
possibly be the rolling of samples during the
manufacturing process.
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Fig. 3. Diffraction patterns of the surface of alloy 2014
a — unirradiated sample (No H), b — irradiated sample
No 6 (surface from the irradiation side, exposure 290 s)

At the next stage, the diffraction pattern was studied,
which is presented in Fig. 3,b. This diffraction pattern
was obtained during the study of the irradiated surface
of sample No6. The parameter of grate of alloy 2014
was found, which had the value a = 4.0499 A. We have
an insignificant difference of parameters of grate of the
irradiated and non-irradiated alloy samples. The
intensity distribution of lines of aluminum for the
irradiated sample also differs from that of the sample
with a textureless surface structure.

It should be noted that we have one very significant
limitation. It concerns the depth of penetration of
radiation into the sample during its examination. The
depth of penetration of radiation of X-ray into the
material of sample (depth of the information layer) is
not a constant value. The penetration depth into the
sample depends on two parameters. One of these
parameters is a type of material and its component
composition.

Another very important parameter is the value of the
diffraction angle 20. Moreover, there is a directly
proportional relationship. That is, the smaller the angle
20, the smaller the information layer. For alloy 2014,
the maximum penetration depth is 53 um, at for angle of
20 = 180°. These values are given for Cu-Ka radiation.
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X-ray diffraction analysis of the samples showed
that as a result of irradiation with an accelerated
electron beam, a phase change occurs in the alloy. A
decrease in MnsAl, and Mg,Si inclusions was detected.
These inclusions increase the hardness of alloy 2014.
Their reduction reduces the hardness characteristics.
Hardness measurements on the surface and in the cross
section confirmed that the decrease in the Mn;Al, and
Mg,Si inclusions in the alloy contributed to the decrease
in the hardness of alloy 2014.

We also investigated how, as a result of irradiation,
the amount of including of sulfur and phosphorus
changed. After irradiation of sample 2014, the amount
of phosphorus and sulfur inclusions decreased [8-13].
Their amount is minimal for the alloy sample with the
maximum irradiation time. Consequently, as a result of
processing of samples of alloy with an electron beam,
the material is cleaned.

When analyzing the diffraction patterns in Fig. 3 we
observe that the intensity of lines of aluminum for the
irradiated alloy sample is greater than for the non-
irradiated alloy sample. Apparently, this is due to the
increase of purity of aluminum alloy.

For research, the characteristic parameters of
diffraction lines were calculated. With their help, it
becomes possible to find the change in the
characteristics of sample of 2014. The values of these
parameters are given in Tables 3 and 4.

Table 3
Parameters of the diffraction lines of the non-irradiated
sample of alloy 2014 (No H)

hid |20, deg | 1, cps FV}j’?gM* "g-,vg'ggh
111 |38.418 | 72909 | 01279 | 0.1511
200 | 44.669 | 3160.8 | 0.1276 | 0.1546
220 |65.052 | 8849 | 01400 | 0.1735
311 |78.186 | 1177.7 | 01535 | 0.1013
222 | 82392 | 4838 | 01564 | 0.1890
400 |99.040 | 1658 | 02042 | 02687
331 |111.982 | 287.3 | 02224 | 0.3035
420 |116.535 | 3034 | 02449 | 0.3230
Table 4

Parameters of diffraction lines of the irradiated sample
of alloy 2014 (No 6)

hkl |26, deg I, cps FVX%M’ Irg.’v(\gle(}jéh
111 |38.435 |13975.7 | 0.1102 0.1339
200 |44.676 | 3334.5 | 0.1094 0.1364
220 | 65.045 330.6 | 0.1476 0.1797
311 |[78.209 | 1620.2 | 0.1235 0.1490
222 82411 | 1137.0 | 0.1295 0.1565
400 | 99.057 131.4 | 0.1439 0.2149
331 [112.020 | 238.9 | 0.1699 0.2399
420 (116.550 | 261.9 | 0.1647 0.2369

Analysis of diffraction lines showed that as a result
of irradiation, the width of the radiation characteristics
decreases. We observe a decrease in the integral width
(B) for irradiated samples. Also, the half-width of

FWHM lines after irradiation decreased significantly
compared to the initial state (see Tables 3, 4 and Fig. 4).

When analyzing the data presented in the graphs
(see Fig. 4), one interesting anomaly was discovered.
We observe differences in the integral width and width
(FWHM) values for line 220. The integral width (I B)
and width (FWHM) values for the irradiated sample are
higher than for the unirradiated sample. There is no
reliable explanation for this effect yet. The reason may
be the orientation of the crystallites of the second phase,
which were formed as a result of irradiation.
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Fig. 4. Dependence of the half-width of the FWHM
parameter on the angle of diffraction (26). Marker red
square — sample without irradiation. Marker blue
rhombus — sample after irradiation
(No 6, irradiation time — 290 s)

Base samples and irradiated of samples of alloy
2014 were heterophase. The appearance of a
heterophase structure is due to the fact that the alloy
material is heated, pre-melting processes and deposition
of the material onto a colder substrate are possible. The
substrate is the bottom layer of material of alloy, which
does not have time to warm up.

Note that the dimensions, quantity, and shape of the
phases determine the properties of the aluminum alloy
samples. The physical properties of heterophase bodies
are not an additive sum of the properties of the phases
of the body, since there are additional interphase
boundaries and additional internal stress fields appear
that arise when different phases come into contact [23].

The position and distribution of aluminum phases
have a significant influence on the characteristics of the
alloy. Important parameters that change the
characteristics of heterophase alloys are the
characteristics of the distribution and mutual location of
interphase boundaries. It is also necessary to take into
account the presence of different internal defects [23].

When samples are irradiated, phase transformations
occur. In the initial phase, separate areas or separate
crystals of the second and third phases appear. These
phases are more steady thermodynamically.

Consequently, irradiation with a beam of accelerated
electrons affects the processes of structural phase
transformations.

Irradiation is accompanied by the appearance of
zones with increased values of pressure and temperature
around the electron tracks [24]. In turn, overheated
regions can form a local liquid phase, which causes an
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increase in volume and the generation of expansion-
compression waves [25, 26]. It should also be taken into
account the presence of an aluminum oxide film on the
surface, the processes of which can also be reflected in
the nature of structural-phase transformations at the
interface with a non-oxidized alloy, as is typical for
zirconium oxide, for example [27]. Accordingly, in the
sample of alloy that is irradiated, we obtain various
heterophase structures. Processing samples using
accelerated electron beams makes it possible to control
the processes of formation of a heterophase structure
and impart the necessary properties to the material of
sample. The proposed type of material processing may
be promising not only for modifying mechanical
properties, but also as a method of radiation-thermal
annealing of materials and products operated under
conditions of long-term vacuum irradiation and having
increased requirements for residual gas evolution [28].

CONCLUSIONS

1. The intensity of diffraction lines for irradiated
samples is higher than for non-irradiated samples. This
is due to the cleaning of the alloy surface from
inclusions of impurities of phosphorus and sulphur.

2. It was found that, after the irradiation of samples
of alloy of type 2014, the parameter of grate decreased.

3. There is growth of grains of aluminium at an
irradiation. The hardness of the samples decreases.

4. A change in the phase composition of the alloy
was detected. Grains of the second phase and separate
grains of the third phase appear.

5. As a result of irradiation, increases the half-width
of diffraction lines (integral width and FWHM width).

6. It was found that, as a result of irradiation, the
half-width of line 220 did not change. This is
anomalous.
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3MIHHU CTPYKTYPHU TA ®A30BOI'O CTAHY AJIIOMIHIEBOI'O CILJIABY 2014,
SAKI HACTYIIMJIN Y PE3YJIBTATI OITPOMIHEHHS ITYYKOM EJIEKTPOHIB

€E.M. Ilpoxopenxo, B.B. /Tumeunenko, M.A. Ilynvein, 1.B. Konooii, I.I. Tanyiopa, T.I. IIpoxopenxo

BukopucTaHHs alnlOMiHIEBUX CIUIaBIB Y aTOMHIH €HEpreTUIli OOMEXY€EThCS BIACTUBOCTSIMU LIMX CIUIABIB Y 30HI
OTPOMIHEHHS. 3aCTOCYBaHHS MPUCKOPIOBAYIB €JICKTPOHIB € C(PEKTHBHOI METOAUKOIO /I MOJICIIOBAHHS pealbHUX
YMOB €KCIUTyaTalfii. ¥ pe3yibTaTi OMPOMIHECHHS y MIIICHSX PO3MOYMHAE MPAIOBATH IIINH KOMIUIEKC (DaKkTOpiB, sKi
3MIHIOIOTh BJIACTUBOCTI IMX MillleHeH. 3'SBISAIOTbCS IMITYJbCHI €JIEKTPUYHI Ta MAarHIiTHI IOJIs, BiAOYBaeThCs
reHepailis yJapHUX XBMJb, 3[IHCHIOETHCS T'pajieHTHE HarpiBaHHs. Bce 1ie B KOMIUIEKCI 3MIHIOE CTPYKTYpY Ta
BJIACTUBOCTI MileHe#. J[si onmpoMiHEHHs 3pa3KiB 3aCTOCOBYBAJIM IyYKH €JIEKTPOHIB 3 eHepriero 8,2...8,3 MeB ta
ctpymoM myuka 0,8 MA. YV poOOTi BUBYATHCS 3MiHH CTPYKTYpHO-(a30BOTO CTaHy alFOMiHI€BOTO cInTaBy THITy 2014,
Jiist 3pa3kiB 10 Ta MICIIs OTIPOMIHEHHS ITPOBOIUBCS aHAJI3 3MiH MEXaHIYHHAX XapaKTEePUCTHK (TBEPIOCTI, TPAHIIHOT
MIITHOCTi, YMOBHOI MEXH IUTHHHOCTi). BUKOHaHO AudpakTOMETpUYHI MOCTIIKCHHS, SKi JO3BONWIA BU3HAYUTH
3MiHH (a30BoTro ckiaay. OTpuMaHO 3HAYCHHS IHTCHCUBHOCTI TU(ppaKIiHHUX JTiHIH.
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