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Abstract: The mechanical properties and microstructure of high-entropy alloys (HEA) of the CoCrZrMnNi system
produced by vacuum-induction melting are studied depending on the change in the Zr and Mn content. The effect of the Zr
and Mn percentage on the microstructure and mechanical properties (Young’s modulus, nanohardness, microhardness) of
the high-entropy alloys of the CoCrZrMnNi system is estimated. The relationship between varying the percentage of Zr
and Mn and changing the grain size and mechanical properties of high-entropy alloys is studied. The structure, chemical
composition and distribution of the intensity of characteristic X-ray radiation of atoms are studied using scanning electron
microscopy. The study by scanning electron microscopy methods has demonstrated that in CoCrZrMnNi alloys, with
an increase in the zirconium content and a decrease in the manganese content closer to the equiatomic composition,
the material structure became more homogeneous. Changing the percentage of zirconium from 8 to 28 at. % contributed to
the grain size reduction from 30 to 5 pum and a more uniform elemental distribution. The Co193Cr7.5Zr153Mny77Nij9.7 alloy
demonstrated the highest nanohardness (10 GPa) and Young’s modulus (161 GPa) during instrumental indentation with
an indenter load of 50 mN. The Co020.4Cris0Z170Mns3 3Niz 3 alloy has the lowest nanohardness, Young’s modulus, and mi-
crohardness among other alloys, which may be related to the coarse-grained structure with a grain size of up to 30 um. As
the indenter load increased to 5 N, the microhardness of the Co19sCri7.5Zr153Mny;77Nije7 alloy decreased compared
to the Coi37CrissZ1289Mni74Nige alloy, which may indicate more universal mechanical properties of alloys with
equiatomic zirconium content.
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INTRODUCTION

A new class of metallic materials, high-entropy alloys
(HEAs), possessing the necessary physical, mechanical and
operational characteristics, are materials consisting of five

and good resistance to oxidation and corrosion [9; 10].
The unique characteristics of these alloys are due to
the intrinsic properties of a multicomponent solid solution,
such as a distorted lattice structure [11], a cocktail effect

or more elements in equal or similar concentrations [1-3].
An increase in the number of elements improves mutual
solubility, facilitating the formation of a single-phase solid
solution [4]. Some promising technological features of
HEAs include high hardness [5], good wear resistance [6],
excellent strength at both high and low temperatures [7; 8],

[12], slow diffusion [5], and nanoscale twinning [9].
Among the HEAs, a comprehensively studied and
promising material is the equiatomic CoCrFeMnNi
composition called the Cantor alloy [13]. Although this
material has a multicomponent chemical structure, it forms
a single-phase solid solution with a face-centered cubic
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lattice [14]. Due to this structure, the material demonstrates
high plasticity at room temperature with a relative elonga-
tion before failure of ~71 %. However, the key disad-
vantage of the Cantor alloy remains the relatively low va-
lues of yield strength of =220 MPa and tensile strength of
~491 MPa, which significantly narrows the area of their
practical application [15]. In this regard, an urgent task in
the development of the HEA of this system is to find me-
thods for improving the strength characteristics without
compromising on the reduction of plasticity.

In recent years, much work has been focused on
the development of new HEA compositions with good
mechanical characteristics [16]. A promising direction
for improving the mechanical and functional properties
of alloys is alloying with well-studied elements, for ex-
ample, by adding zirconium [17]. Zirconium alloying has
been studied to improve the mechanical properties of
both light alloys [18] and steels [19], but the influence of
zirconium on the mechanical properties of high-entropy
Cantor alloys with Zr content up to 30 at. % has not yet
been studied. The expected strengthening mechanism
associated with Zr modifications in HEA is pinning of
dislocations, which can be caused by a strong lattice dis-
tortion. This distortion, in turn, can be caused by substi-
tution defects, vacancies, or phase mismatch [20]. Based
on the study of the CoCrFeNiZr system alloy, the work
[17] discusses the effect of zirconium on changes in
the alloy microstructure, but does not investigate
the dependence of changes in mechanical properties
and structure with an increase in the zirconium content
with a simultaneous decrease in the content of another
component.

In this study, the authors study three compositions of
high-entropy alloys of the CoCrZrMnNi system with
a change in the concentration of zirconium and manganese
in the alloy from =5 to =30 at. %.

The aim of this research is a detailed study of
the microstructure and homogeneity of the distribution of
elements in the produced alloys depending on the increase
in the Zr content with a simultaneous decrease in Mn; ana-
lysis of the effect of zirconium additives on the change in
microhardness, nanohardness, and Young’s modulus of
CoCrZrMnNi alloys; and selection of a composition with
optimal mechanical properties.

METHODS

In this work, the authors investigated as-cast high-entropy
CoCrZrMnNi system alloys with different zirconium and
manganese contents (Table 1) produced by vacuum-
induction melting.

Samples were cut from the produced ingots on
a DK7732 MI11 jet-type electrical discharge machine.
To obtain a high-quality microsection surface for re-
search, during grinding the authors successively moved
from one sandpaper to another with continuously de-
creasing sizes of abrasive particles and then polished
the sample using a special cloth and paste. To identify
the microstructure of the samples, etching in a reagent

consisting of HNO3 and HCl in a ratio of 1:3 was carried
out; the etching time was 10-30 s.

The structure and elemental composition of the samples
were studied using scanning electron microscopy (SEM)
(KYKY EM-6900 device (China) equipped with an Oxford
Xplore energy-dispersive analyzer (UK)) with an accelerat-
ing voltage of 30 kV, a filament current of 2.20 A, and an
emission current of 150-107° A. The distribution of the in-
tensity of the characteristic X-ray radiation of atoms was
obtained by scanning along the line using X-ray microana-
lysis to determine the concentration heterogeneity of the
alloys. This analysis was carried out on etched areas rang-
ing from 80 to 600 pm in length.

The microhardness study was carried out using an HVS-
1000A microhardness tester. The load was constant for all
processing modes and was 5 N. The nanohardness and elas-
tic modulus were measured using a NanoScan-4D nano-
hardness tester. The measurement method is indenting
a diamond pyramid (indenter) with recording the force and
depth of loading and subsequent calculation of hardness
and modulus of elasticity in accordance with GOST 8.748-
2011 (ISO 14577). Measurement procedure parameters:
indenter is a triangular Berkovich pyramid; loading time is
10 s; unloading time is 10 s; maximum load maintenance
time is 10 s; applied load is 50 mN.

RESULTS

The microstructure of the as-cast Co198Cr17.5Zr153Mnz77Ni197
high-entropy alloy produced by vacuum-induction remelt-
ing is shown in Fig. 1 and demonstrates a dendritic struc-
ture. The distribution of Co, Cr, Zr, Mn, and Ni was identi-
fied by mapping techniques. According to the data of con-
ducted X-ray microanalysis, the content of elements pre-
sented in Table 2 was identified in the interdendritic (Fig. 1,
spectra 1, 2) and dendritic regions (Fig. 1, spectra 3, 4) of the
Co195Cr175Zr153Mny77Ni197 alloy. The dendritic region is
enriched in chromium and manganese, reaching 42 and
29 at. %, respectively, but is depleted in zirconium
(=1 at. %). The grain size of the chromium-enriched dendritic
“islands” was 30 um. Based on the distribution of
the intensity of characteristic X-ray radiation of atoms shown
in Fig. 2, one can conclude that the distribution of chromium,
manganese and zirconium atoms is non-uniform.

In the alloy with a Zr content of 7.9 % and Mn content
of 33.3 %, a quasi-uniform distribution of manganese,
cobalt and nickel was identified (Fig. 3). The rest Zr and
Cr elements demonstrate large-scale non-uniformities.
The dendrites consist of an equimolar solid solution of Mn,
Cr, Ni (Fig. 3, spectra 2—4), with the absolute amount of
each component slightly higher than the nominal. Zirconi-
um is mainly concentrated in the interdendritic regions
(Fig. 3, spectrum 1, Table 3); these regions are also en-
riched in Ni and depleted in Cr. The interdendritic phase of
the Zr-free alloy contains grains consisting of Mn and Cr.
Based on the graph (Fig.4), one can conclude that two
compounds are formed in the 16-36 pm and 56-68 um
regions. In these regions, the concentration of manganese
and nickel varies from 6 to 46 at. %.
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Table 1. Chemical composition of the studied samples of as-cast high-entropy alloys based

on the CoCrZrMnNi system produced by the method of vacuum-induction melting

Tabnuya 1. Xumuueckuii cocmag ucciedyemvix 06pasyo8 6blcOKOIHMPONULHBIX CNIABOE 8 TUMOM COCHOAHUU
Ha ocrnoge cucmemvl CoCrZrMnNi, nonyyenHvix Memooom aKyyMHOU UHOYKYUOHHOU NIABKU

Co, at. % Cr, at. % Zr, at. % Mn, at. % Ni, at. %
19.8 17.5 15.3 27.7 19.7
20.4 18.0 7.9 333 20.3
18.7 16.5 28.9 17.4 18.6

50 um I 50 um

50 um ' 50 um

50 um ' 50 um

Fig. 1. Elemental mapping of the Co19.8Cri7.5Zr15.3Mn27.7Ni19.7 alloy.
1—4 are sections of X-ray spectral microscanning. The arrows indicate the areas of dendrites measured in diameter
Puc. 1. Snemenmnoe xapmuposanue cniasa Coi9,sCriz,52r153Mn27,7Ni19,7.
14 — yuacmku MUKpopenmeenocnekmpaibHo20 CKAHUPOBAHUSL.
Cmpenxkamu noxasamvl 001acmu 3aMepsaemsvlx OeHOPUMo8 no OUamMempy
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Table 2. The results of X-ray spectral microanalysis of the HEA presented in Fig. 1
Taonuya 2. Pe3ynomamor muxpopenmeenocnekmpanviozo ananuza BOC no cnexkmpam, npedcmasnennozo na puc. 1

Element, at. %
Spectrum
Cr Mn Zr Co Ni (0]
1 10.27 25.29 16.26 25.43 22.75 -
2 39.21 26.94 0.92 15.83 9.64 7.45
3 42.33 29.06 1.00 17.16 10.44 -
4 33.63 29.45 4.08 18.96 13.88 -
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Fig. 2. Analysis of concentration heterogeneity of the Co19.5Cr17.5Zr153Mnz27.7Ni19.7 alloy a line length of 600 um
Puc. 2. Ananu3z xonyenmpayuonnoii Heoonopoonocmu cnnaga Co19,sCri7,52r153Mn27,7Ni19,7 600ab aunuu npomsicennocmoio 600 mxm

Analysis of the images obtained using SEM demonstrates
the presence of elongated grains in the microstructure of
the alloy (Fig. 5, spectrum 1). Despite the fact that the result-
ing high-entropy alloy has a non-equiatomic ratio of ele-
ments, among which Zr is predominant (Fig. 5, spectrum 1),
its content in different regions decreases to 3 at. % (Fig. 5,
spectrum 2) simultaneously with an increase in the content of
Mn (30 at. %) and Ni (32 at. %). Elemental mapping demon-
strated a uniform distribution of nickel, manganese, and

cobalt (Fig. 5, spectrum 3). The microstructure analysis per-
formed using SEM and a built-in EDS detector confirmed
the non-uniform distribution of zirconium and chromium
(Table 4), as well as the formation of globular inclusions
containing Zr (Fig. 5).

Based on the distribution of the intensity of characteris-
tic X-ray radiation of atoms shown in Fig. 6, it is possible to
conclude about the non-uniform distribution of chromi-
um, manganese and zirconium atoms. The size of
24

Frontier Materials & Technologies. 2025. No. 1



Konovalov S.V., Drobyshev V.K., Panchenko L.A. et al. “ Structure and mechanical properties of high-entropy alloys...”

25 um

25 um

25 um

25 um
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Fig. 3. Elemental mapping of the Co20.4Cris.0Zr7.9Mn33.3Nizo3 alloy.

1—4 are sections of X-ray spectral microscanning

Puc. 3. Dnemenmnoe kapmupoganue cniasa Co20,4Cri1s.0Zr7,9Mn33,3Nizo,3.
1—4 — yuacmxu MuKpopenmeenocneKmpaibHo20 CKAHUPOBAHUSA

Table 3. The results of X-ray spectral microanalysis of the HEA presented in Fig. 3
Tabnuya 3. Pe3ynemamer mukpopenmezenocnexmpansiozo ananusa BOC no cnekmpam, npedcmasnennozo na puc. 3

Element, at. %

Spectrum
Cr Mn Zr Co Ni
1 5.98 26.24 14.00 20.65 33.14
2 45.92 21.78 1.00 21.75 10.55
3 16.33 40.62 1.46 17.69 2391
4 45.92 21.78 1.00 21.75 10.55

Frontier Materials & Technologies. 2025. No. 1

25



Konovalov S.V., Drobyshev V.K., Panchenko I.A. et al. “ Structure and mechanical properties of high-entropy alloys...”

4000 -
.-. ". ::" ..-. / \ — \
: [ : N\
3000 : . — : ./ -
» \ /AN\'/\ Jl'./ \\,/ V'\\ /f}\ 7"
Q v S TS T - : -
2 2000 : v :
1000 % REFETTTTN
— . N N\
1 7 14 21 28 35 42 48 55 62 69 76 82
pm
seceese CrKool @ =— —MnKal ====- Co Kal —NiKal —--ZrlLal

Fig. 4. Determination of concentration heterogeneity of the C0204Cris.0Zr7.9Mns3.3Niz2o 3 alloy a line length of 90 pm
Puc. 4. Onpeoenenue xonyenmpayuonnoti neoonopoonocmu cnaaga Co20,4Cris,0Zr7,9Mn33,3Niz03
6001 TUHUU npomsidceHHocmvio 90 Mrm

Table 4. The results of X-ray spectral microanalysis of the HEA presented in Fig. 5
Taonuua 4. Peszynomamvl MUuKpopenmeeHocnekmpaibHo2o ananuza BOC no cnekmpam, npedcmasienHo2o Ha puc. 5

Element, at. %
Spectrum
Cr Mn Zr Co Ni
1 18.31 16.27 24.26 23.21 17.95
2 10.74 30.21 3.87 23.18 32.00
3 12.76 22.28 19.65 20.98 24.32

the areas of non-uniform distribution of elements is up
to 10 pm (Fig. 6).

The change in nanohardness and microhardness in
CoCrZrMnNi alloys with an increase in the zirconium content
and a decrease in the manganese content is distributed non-
linearly. Thus, in the CO19_8CI'17_5ZI'15_3MI]27_7Ni19_7 alloy,
the nanohardness values obtained in the interdendritic phase
enriched with zirconium were 11 GPa, which is higher
compared to the measurements carried out in the dendritic
region equal to 9 GPa. These nanohardness values are the best
among the other alloys studied. With an increase in

the indenter load from 50 mN to 5 N, the microhardness of
the Co19.5Cri7.5Zr153Mn27.7Ni197 alloy decreases compared
to the Cois7CriesZrs9Mny74Nijge  alloy by 10 %.
In general, the trend of increasing zirconium content has
a positive effect on the increase in the microhardness of
the material changing from 295 to 553 HV,s (Fig. 7, Table 5).
Thus, the alloy with the element content close to equimolar
Co137Cri65Z1230Mn;74Ni1g6 alloy demonstrates better harde-
ning ability compared to alloys with a nominal zirconium con-
tent of 7 and 15%. Mechanically (elastic modulus),
the Co0204Cri50Zr70Mns33Niz3 and Cois7CriesZrsoMn 74Niise
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Fig. 5. Elemental mapping of the Co1s.7Cr16.5Zr259Mni7.4Niis.c alloy.
1-3 are sections of X-ray spectral microscanning
Puc. 5. Dnemenmnoe kapmupoganue cniasa Cois,7Cr16,52r28,9Mni7,4Ni1s6.
1-3 — yyacmku MUKpopeHmaeHoCneKmpanbHo20 CKAHUPOBAHUS

alloys differ little, demonstrating very similar values —
122.73+£10.37 and 109+10.41 GPa, respectively.

The microstructure of the as-cast CoCrZrMnNi alloy
with nonequimolar Zr (8 at. %) and Mn (33 at. %) contents
(Fig. 8 ¢, 8 d) consists predominantly of large dendrites
with an increased chromium content of up to 46 %
(Table 3). An increase in the zirconium content in
the interdendritic regions of the Co204Crig0Zr70Mn333Niz 3
alloy reached 14 at. %. With an increase in the Zr content
and a decrease in the Mn content closer to the equiatomic
composition, the structure of the material became more
uniform and the grain size decreased from 30 (Fig. 8 a, 8 b)
to 5 um (Fig. 8 e, 8 f). The smallest dendritic grains are
found in the CO]8.7CI’16,5ZI'28,9MII17,4Ni18,6 alloy, located
from the edge of the sample to the center.

DISCUSSION

In Fig. 1, the interdendritic phase of the Zr-free alloy
contains small spherical inclusions (10 pm in diameter)
consisting of Mn and Cr oxides. The formation of such in-
clusions has been previously noted by several authors.
Apparently, inclusions are difficult to avoid when produc-
ing materials melted in a vacuum-induction furnace [21].
The reason for their presence is partial oxidation of
the charge material, as evidenced by the data in Table 2
obtained by the X-ray microanalysis method.

Probably, the alignment of dendritic grains is associated
with the direction of heat flow during solidification. In all
the studied alloys, a quasi-homogeneous distribution of
cobalt atoms was noted in elemental mapping (Figs. 1, 3, 5),
thereby the percentage content of cobalt corresponds to

Frontier Materials & Technologies. 2025. No. 1
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Fig. 6. Determination of concentration heterogeneity of the Co1s.7Cr16.5Zr2s.9Mn17.4Ni1s.s alloy along a line length of 246 ym
Puc. 6. Onpedenenue konyenmpayuonnoi heoonopoonocmu cnaasa Cois,7Cri6,52r259Mni7,4Niis6
60016 TUHUU NPOMSAANCEHHOCMbIO 246 MKM

Table 5. Changes in the mechanical properties of CoCrZrMnNi alloys depending on changes in the zirconium and manganese content
Tabnuua 5. Hzmenenue mexarnuyeckux ceoticms cniaeog CoCrZrMnNi 6 3agucumocmu om usmeHenust COOEPICAHUsL YUPKOHUSL U MAP2aHYA

Average value
Indenter penetration depth, Nanohardness, Young’s modulus, Microhardness,
nm GPa GPa HVO0.5
C019.8Cr17.5Zr153Mn27.7Ni19.7

425.41+0.28 10.05+1.03 161.67+20.57 484+58
C020.4Cr18.0Zr7.9Mn33.3Niz0.3

745.22+43.63 3.48+0.38 122.73+10.37 334435
Co018.7Cr16.5Zr28.9Mn17.4Niis.6

454.30+23.45 8.95+0.83 109.96+10.41 537457
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Fig. 7. Optical image and loading—unloading graph of instrumental indentation of CoCrZrMnNi alloys:
a— Co0195Cr17.52r15.3Mn27.7Ni19.7, b — C020.4Cr18.02r7.9Mn33.3Niz0.3, ¢ — C018.7Cr16.52r28.9Mn17.4Ni1s.6
Puc. 7. Onmuueckoe uzobpasicenue u 2paQux pasepyrcenuss — HaspyHCeHus.
UHCMPYMEeHManbHo20 undenmuposanus cniaeos CoCrZrMnNi:

a— Co198Cri7,5Zr153Mn27,7Ni19,7, b — C020,4Cris,0Zr7,9Mn33,3Niz03, ¢ — Co18,7Cr16,52r289Mni7,4Ni1s,6
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Fig. 8. Microstructure of CoCrZrMnNi alloys with different zirconium and manganese contents:
a, b— SEM of the Co19.sCr17.5Zr15.3Mn27.7Ni19.7 alloy using SE and BSE detector;
¢, d— SEM of the C020.4Cri5.0Zr7.9Mn33.3Niz0.3 alloy using SE and BSE detector;
e, f— SEM of the Co1s.7Cr16.5Zr2s.9Mn17.4Ni1s.s alloy using SE and BSE detector
Puc. 8. Muxpocmpyxmypa cnnasog CoCrZrMnNi ¢ pasuvim cooepaicanuem YUpKoHUs U MApeauya:

a, b— COM cnnasa Co19,5Cri7,52r153Mn27,7Ni19,7 ¢ ucnonvzosanuem SE u BSE demexmopa,

¢, d— COM cnaasa C020,4Cri8,0Zr7,9Mn33,3Niz0.3 ¢ ucnonvsosanuem SE u BSE oemexmopa;

e, f— COM cnuasa Cois,7Cr16,52r28,9Mn17,4Ni1s,.6 ¢ ucnonvzosanuem SE u BSE 0emexmopa
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the nominal one in the studied alloys, which is consistent
with the data of [22].

It is worth noting that the microhardness of the non-
equiatomic CO18,7CI'16,5ZI‘28,9M1117,4Ni18,6 alloy (537i57 HVo,s)
(Table 5) exceeds the value for the Co193Cry75Zr153Mn277Nij97
composition close to equiatomic (484+58 HV,s) [29], and
the lowest values are observed in the alloy with a Zr content
of 7.9 at. % and a Mn content of 33.3 at. %. This may be
due to a finer grain structure reaching a size of about
5um and a more uniform distribution of elements
in the Coi37CrissZrsoMni74Niss alloy compared to
the Coi9sCr175Zr153Mny77Nitg7 1 Co204Cris.0Z1r79Mns33Niz03
alloys. A similar pattern of changes in mechanical pro-
perties at nonequiatomic concentrations of Fe and Mn lead-
ing to an increase in the micro- and nanohardness of
CoCrFeMnNi alloys is observed in [15].

Dark particles are present in the electron microscopic ima-
ges shown in Fig. 7. This may be due to contamination of
the material mainly by particles coming from metal oxides
during sample preparation using jet-type electrical discharge
equipment. Thus, in the work [23], a similar phenomenon was
observed after milling the alloy of the CoCrFeNi system.

Changing the zirconium and manganese content has
a significant effect on the nanohardness, microhardness, and
Young’s modulus of the CoCrZrMnN:i alloys, which can lead
to various structural transformations and mechanical charac-
teristics. Thus, in the study [16], a similar effect was ob-
served from varying the percentage content of Fe and Mn
from 5 to 35 at. %, which led to a nonlinear change in
the strength properties of these materials, which are decisive
for the use of HEA in modern structural materials. The con-
ducted studies confirm the assumption about the strengthen-
ing effect of HEA with an increased zirconium content.

CONCLUSIONS

It was found that the production of high-entropy alloys
of the CoCrZrMnNi system by vacuum-induction melting
contributes to the production of alloys with a heterogeneous
structure and various mechanical properties:

1. An increase in the =zirconium content in
the CoCrZrMnNi alloys from 8 to 28 at. % contributed to
the formation of a fine-grained structure and a more uni-
form elemental distribution.

2. The Coi98Cri7.5Zr153Mnz77Nijg7 alloy demonstrated
the highest nanohardness (10 GPa) and Young’s modulus
(161 GPa) during instrumental indentation. At the same
time, the Co0204Cris.0Z179Mns33Nizg3 alloy has the lowest
mechanical properties (nanohardness, Young’s modulus,
and microhardness) among other alloys, which may be due
to the coarse-grained structure. As the indenter load increased
(5N), the microhardness of the Coi9sCri75Zr53Mny77Nij97
alloy decreased compared to the Coig7CrissZrzoMny74Niige
alloy, which may indicate more universal mechanical pro-
perties of alloys with a zirconium content of 20 at. %.
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Annomayusn: VI3ydeHbl MEXaHHYECKHE CBOMCTBA U MUKPOCTPYKTYpa BBICOKOIHTPONHMHHBIX ciiaBoB (BOC) cucremsl
CoCrZrMnNi, mosry4eHHBIX BaKyyMHO-MHAYKIIMOHHOHW IUIABKOW, B 3aBHCHUMOCTH OT M3MEHEHHs cojaepxaHus Zr u Mn.
OrneHuBaeTcst BAMSHUE MPOLIEHTHOTO Co/iepXaHus Zr 1 Mn Ha MUKPOCTPYKTYPY M MEXaHH4YecKue cBoicTBa (Moaynb FOH-
ra, HAHOTBEPJAOCTh, MUKPOTBepaocTh) BOC cuctembr CoCrZrMnNi. M3ydena cBs3p BapbUpOBaHUS MPOIICHTHOTO COIEp-
kaHuA Zr 1 Mn ¢ U3MEHEHHEM pa3Mepa 3epeH U MexaHudeckux cBoicte BOC. MccnenoBaHus CTPyKTYpbI, XHMHUYECKOTO
COCTaBa M paclpeeNIeHNs] NHTEHCUBHOCTH XapaKTEPHCTHYECKOTO PEHTTEHOBCKOTO M3JIydYEeHHUs] aTOMOB BBITTOJHEHBI C HC-
I10JIb30BAHUEM CKAHMPYIOIIEH JIEKTPOHHONH MUKPOCKONHU. MeTogamMu CKaHUPYOUIEH 3JEKTPOHHOM MHUKPOCKOIIMU IIPO-
JIEMOHCTPUPOBAHO, 4TO B criaBax CoCrZrMnNi npu yBelIWYeHHN COAEPKaHUS LIMPKOHWUSA W YMEHBIIEHHH COJEpKaHMs
Maprasia Onmxe K 5KBUAaTOMHOMY COCTaBy CTPYKTypa MaTepHaia CTaHOBHJIACh Oolice OJHOPOAHOH. M3MeHeHue mpo-
IIEHTHOTO COJICPKaHUsI [IUPKOHUSA ¢ 8 110 28 aT. % crnocoOCTBOBaIO yMEHbIIeHUIO 3epHa ¢ 30 10 5 MKM U OoJiee 0THOPO/I-
HOMY aieMeHTHOMY pactpeneneHuio. CruiaB CoiogCri7,s5Zris3Mny77Nij7 B X0/1€ MHCTPYMEHTAILHOI'O MHICHTUPOBAHMUS
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¢ Harpy3ko# Ha uHIeHTop 50 MH mpomemoncTpupoBan Hanbonbmee 3HaueHne HaHoTBepaoctu (10 I'Tla) u momyns FOnra
(161 I'lTa). CmmaB Co204Cri80Z1r70Mn33 3Niz 3 0o0lagaeT HaMMEHBIIMMHU HapamMeTpaMyd HaHOTBepAocTH, mMoxyins HOHra,
MHUKPOTBEPAOCTH CPEIH APYIUX CILIABOB, YTO MOXKET OBITh CBSI3aHO C KPYITHO3EPHUCTOW CTPYKTYPOH C pasMepoM 3epHa
10 30 mxm. [To Mepe yBenndeHust Harpy3ku Ha UHAEHTOp 10 5 H mukporBepmocth cmiaBa CoiogCriz,sZris3Mnaz7Niig 7
CHIDKAJIACh M0 cpaBHEHUIO co cruiaBoM Co;s7Cri65Z1289Mn;74Nijg6, YTO MOXKET yKa3bIBaTh HA 00JIEe YHUBEPCAIbHBIC M-
XaHUYECKHE CBOIMCTBA CIUIABOB C SKBUATOMHBIM COJIEp)KaHHEM LIUPKOHUSI.
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