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In the present study, the microstructure development and properties of the starting Fe-B-C powders for plasma
spraying fabricated by dispersing a consumable rotating rod were investigated as functions of alloying elements
additions. These powders were prepared in the following compositional ranges: B (10...14 wt.%),
C (0.01...0.5wt.%), Me (0...5.0 wt.%), where Me — Cr, V, Mo or Nb, balance Fe. Structural properties were
characterized by metallography, X-ray diffraction, scanning electron microscopy, and energy dispersive
spectroscopy. Mechanical properties of the powders were measured by a Vickers indenter. Compression strength,
oxidation resistance, and melting temperature were also determined. Chromium or vanadium were found to dissolve
completely in Fe,(B, C) and Fe(B, C) constituent phases of the Fe-B-C powders replacing iron and forming
substitutional solid solutions. By entering into the iron borides structure, these alloying elements improve ductility
and oxidation resistance but lower melting temperature and hardness of the powders. Molybdenum or niobium were
mainly found in secondary phases such as Mo,B, Mo,(B, C) or NbB, at the Fe,(B, C) boundaries. As a result, these

alloying elements enhance hardness, oxidation resistance and melting temperature of the powders.
PACS: 81.10.Fq, 81.30t, 61.50 Ks, 52 .50 Dg, 52. 77. Dq, 61.66.Dk, 64.70.Kb

INTRODUCTION

Boron-rich Fe-B-C alloys with boron content in the
range of 10...14 wt.% are nowadays well-established
materials due to their high hardness, relatively low
coefficient of friction, and good oxidation and corrosion
resistance [1-4]. As such these alloys have attracted
significant attention both in basic as well as in applied
research areas, resulting in several studies on phase
stability, mechanical and performance properties of the
ternary Fe-B-C system [5-7]. These properties are
attributed to the formation of Fe,B and FeB borides in
the structure which are major constituents of boron-rich
Fe-B alloys. Meanwhile, carbon may be considered as
natural addition to Fe-B alloys since these alloys are
very reactive with respect to carbon. This element is
found to dissolve in the iron borides forming Fe(B, C)
and Fey(B, C) solid solutions and add strength at
elevated temperatures [8]. At that, with cooling rate of
Fe-B-C alloys increasing, carbon solubility increases
which enhances solid-solution strength, as well as
hardness.

In view of the increasing importance of boron-rich
Fe-B-C alloys in practical applications, it is surprising
how little is known about the influence of alloying
elements on their structure and properties. The studies
mainly concern the effects of alloying on boron-
containing steels [9-14]. Very important elements for
alloy steels are chromium, vanadium, molybdenum, and
niobium. Probably one of the most well-known effects
of chromium on steel is the tendency to resist staining
and corrosion. Chromium can also increase the
toughness of steel, as well as the wear resistance. The
metal also improves hardenability, strength, response to
heat treatment. Vanadium can produce stable carbides
that increase strength at high temperatures. By
inhibiting grain growth during heat treatment, it helps
enhance the toughness and strength of the steel.
Molybdenum tends to minimize temper brittleness and
protects against pitting corrosion caused by chlorides

and sulfur chemicals. Found in small quantities in
stainless steels, molybdenum increases hardenability
and strength at high temperatures. Niobium like
vanadium has the benefit of stabilizing carbon by
forming hard carbides and, so, is often found in high
temperature steels. In small amounts, niobium can
significantly increase the yield strength and, to a lesser
degree, the tensile strength of steels, as well as have a
moderate precipitation strengthening effect.

Fe-B-C alloys are widely used as protective hard
coatings produced by various methods, including
plasma spray of atomized powders [15-19]. Plasma
spraying process that utilizes a high energy heat source
to melt and to accelerate fine powders onto a prepared
surface is very effective for producing thick coatings
due to their rapid cooling rates. Fe-B-C plasma-sprayed
coatings have attracted interest due to their unique
mechanical properties, high wear resistance, excellent
corrosion resistance, and low cost [20-22]. The main
advantages of using plasma spraying to form Fe-B-C
coatings include good adhesion between the coating and
substrate and reproducible results. In addition, plasma
spraying is an industrial process, enabling mass
production.

Performance properties of plasma-sprayed coatings
are strongly influenced by a structure of starting
powders [23, 24]. Alloying is a powerful method to
improve the characteristics of powders for the
manufacture of coatings. Understanding both the
positive and negative effects of alloying elements on the
structure and properties of boron-rich Fe-B-C powders
can help to identify what applications certain coatings
can be used in. The very high cooling rates of
atomization processes may also contribute to the
solubility of alloying elements in phase constituents of
the powders thus affecting their properties.

Therefore, the purpose of this work is to investigate
the influence of alloying elements (Cr, V, Mo or Nb) on
the formation of structure and properties of boron-rich
Fe-B-C powders for plasma straying.
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1. MATERIALS AND METHODS

Fe-B-C-Me powders for plasma spraying containing
10.0...14.0% B, 0.01...0.5% C, 0...5.0% Me (where
Me — Cr, V, Mo or Nb), balance Fe (in wt.%) (purity
better than 98.5%) were produced by dispersing a
consumable rotating rod [25, 26]. A rotating rod
(anode), which was 28...30 mm in diameter and
200...300 mm in length, made of the alloy to be
atomized, was melted by an electric arc between the
anode and a water-cooled tungsten cathode. Liquid
powders were then projected from the anode by the
centrifugal force and solidified in the chamber filled
with argon at a pressure of 0.1...0.15 MPa. The
atomization process parameters were as follows:
380...400 A, 40 V. The lower threshold was determined
by the requirement of the highest output of the process.
But, if the strength of current was higher than 400 A,
there was not enough time for metal to spheroidize and
it solidified as shapeless powders. But the powders to be
injected into the plasma must possess good flow
properties, which is associated with their spherical
shape. The powders diameters ranged from 100 to
200 um, and average diameter defined by the
cumulative weight fraction of 50% was about 125 pm.
Powders with this narrow size distribution are preferred
in order to achieve uniform heating and acceleration of
a multicomponent powder. The cooling rate of the
powders was 10°...10* K/s.

The microstructural characterization of the powders
was performed by light metallographic microscope
Neophot-32 and quantitative analyzer Epiquant. The X-
ray diffraction (XRD) measurements of lattice
parameters of the phases were carried out using
diffractometer HZG-4A with CuK, radiation. The XRD
analyses were performed with powder samples. The
microstructure was also studied with a scanning electron
microscope Jeol-2010 F (SEM) equipped with an
energy dispersive spectrometer (EDS). The melting
temperature (T,,) of the powders was measured by
differential thermal analysis at 5 K/min heating rate.

Vickers microhardness tests were carried out using
device PMT-3 at 0.05 kg load in order to observe the
crack propagation in the samples. A mean Vickers
microhardness (H,) was obtained by averaging over 20
indentations. Total Vickers hardness was calculated
considering additivity of this characteristic. The fracture
toughness (K,c) was evaluated from the crack length
initiated at the corners of the Vickers microindentation
using an empirical equation proposed in [27].
Compression strength (o) was measured at room
temperature with load applied up to fracture of the
powders. Oxidation resistance factor (K,) was measured
with powders oxidized in air at 1273 K for 2 h.

2. RESULTS AND DISCUSSION

The effects of alloying elements in boron-rich
Fe-B-C powders are as follows. The addition to
powders of elements such as Cr or V does not basically
alter the microstructures formed. The Fe,B- and FeB-
based solid solutions are observed in the structure (Figs.
1, 2). So, the chromium or vanadium do not form
chemical compounds, and consequently the only form in

which they can be present in the powders is in solid
solutions with iron borides. Chromium and vanadium
can dissolve in either the Fe,B and FeB borides but
predominantly they dissolve into iron monoboride (see
Figs. 1, 2). These elements tend to cause distortions of
crystal lattices of Fe,(B, C) and Fe(B, C) typical for
substitutional solid solutions. Their atoms are of similar
size and behaviour [28] and so the lattice structure of
the Fe,B and FeB borides does not alter greatly as a
result of substituting Fe atoms for Cr or V (Table 1).
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Fig. 1. SEM of polished cross-sections of Fe-12.1B-0.1C
powder alloyed with 5% of Cr:
a—second electron image;
b — elemental EDS X-ray mapping;
¢ —elemental profile along scanning line



The lattice parameters of Fe(B, C) and Fe,(B, C) crystals in the Fe-12.1B-0.1C powders
alloyed with 5% of V, Cr, Mo or Nb

Table 1

Alloying Fe(B, C) (rhombic lattice) Fe,(B, C) (tetragonal lattice)
element a, A , c, A a, A c, A c/a
w/o 5.5041+0.0052 | 4.0596+0.0106 2.9501+0.0037 | 5.1120+0.0001 | 4.24184+0.0001 | 0.8298
Cr 5.4911+0.0032 | 4.0569+0.0052 2.9602+0.0021 | 5.1173+0.0004 | 4.2313+0.0046 | 0.8269
Vv 5.4998+0.0020 | 4.0576+0.0066 2.9697+0.0011 | 5.1174+0.0014 | 4.2427+0.0053 | 0.8291
Mo 5.5083+0.0018 | 4.0671+0.0038 2.9663+0.0007 | 5.1184+0.0010 | 4.2467+0.0075 | 0.8297
Nb 5.5055+0.0042 | 4.0688+0.0067 2.9491+0.0042 5.1131+0.005 | 4.2414+0.0028 | 0.8295
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Fig. 2. SEM of polished cross-sections of Fe-72.1B-0.1C powder alloyed with 5% of V:
a—second electron image; b — elemental EDS X-ray mapping; ¢ — elemental profile along scanning line
Table 2

Structural and mechanical characteristics of Fe(B, C) and Fe,(B, C) crystals in the Fe-12.1B-0.1C powders
alloyed with 5% of V, Cr, Mo or Nb

_ Fe(B, C) Fe,(B, C)
Alloying Dendrite parameters*, um
element : 1 H, GPa |Ki, MPam“?| H, GPa [Kc, MPam‘?
do ly do/lg H H
w/o 4.940.1 5.3+0.1 0.92 20.140.1 5.0+0.2 17.0+0.1 4.5+0.1
Cr 4.1+40.1 4.340.1 0.95 18.6+0.2 - 15.740.3 5.24+0.1
\Y% 4.4+0.1 4.840.1 0.92 19.1+0.1 15.8+0.2 -
Mo 3.1+0.1 3.6+0.1 0.86 21.0+0.2 4.4+0.1 17.8+0.2 4,140.1
Nb 2.4+0.05 2.840.1 0.86 20.240.1 4.9+0.1 17.140.1 4.4+0.2

*Where d, — diameter of secondary dendritic arms, I, — interdendritic distance.

In the Fe-B-C powders, the presence of chromium or
vanadium increases fracture toughness K,c while not
appreciably reducing Vickers hardness H, of the
constituent phases (Table 2). Chromium or vanadium
improve significantly compression strength o and
oxidation resistance factor K, due to formation of inert
passive films on the surface which resist attack by
oxidizing reagents (Table 3). In Fe-B-C powders,
chromium appears to have a greater beneficial effect on
compression strength but vanadium — on resistance to
oxidation. These elements also provide slightly lower
melting temperature T,.

Table 3

Performance properties of Fe-10.3B-0.7C-5.0 Me
powders (Me — Cr, V, Mo or Nb)

Alloying | Total H,,, Ko, relative
elen){en? GPaLL o, MPa | Tm K ’ units
w/o 17.940.1 | 2610+10 | 1723+4 1.0
Cr 16.6+0.2 | 2850+20 | 1713+4 | 1.32+0.12
\V 16.8+0.1 | 2800+20 | 1713+4 | 1.53+0.08
Mo 19.1+0.2 | 2750+10 | 1758+4 | 1.12+0.10
Nb 18.8+0.1 | 2675+20 | 1763+4 | 1.24+0.06




Small amounts of Mo added to Fe-B-C powders
completely dissolve. At some point, additional
amounts of this alloying element will not dissolve.
When that solid solubility limit is exceeded, Mo
slightly dissolves in Fe,B boride but preferentially in
FeB dendrites refining their size (Fig. 3, Table 2).
The addition of this element that dissolves in the
Fe,B and FeB lattices replacing iron atoms causes
noticeable distortions because of the difference in
atom size (see Table 1) [28]. Besides, with boron
molybdenum forms Mo,B, but in the presence of
carbon it forms Moy(B, C) as well. Thus, at the
amount of 5% this alloying element forms mainly
special borides and borocarbides.

imp/s

MoLa 107

Background
for Mo

A A M

Fe,(B,C)

Moy(B.C) I Fey(B.C) I Fe(B,C) I

[, um
c
Fig. 3. SEM of polished cross-sections of Fe-12.1B-0.1C
powders alloyed with 5% of Mo: a — second electron
image; b — elemental EDS X-ray mapping;
¢ — elemental profile along scanning line

Since the molybdenum atoms are larger than the
surrounding atoms, they introduce compressive lattice
strains. They disrupt the regular arrangement of ions
and make it more difficult for the layers to slide over
each other. This makes the FeB and Fe,B phases harder
and less ductile than those of the master Fe-B-C
powders (see Table 2). For example, powders of 5% Mo
raise the total hardness from 17.9 to 19.1 GPa (see
Table 3). Besides, the addition of Mo to Fe-B-C
powders rises melting temperature and slightly
improves oxidation resistance.

When niobium is added to Fe-B-C powders, it does
not form solutions in iron borides and enters NbB,
secondary phase formed at Fe,(B, C) boundaries (Fig. 4).
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Fig. 4. SEM of polished cross-sections of Fe-12.1B-0.1C
powders alloyed with 5% of Nb: a — second electron
image; b — elemental EDS X-ray mapping;
¢ — elemental profile along scanning line



Insolubility of niobium in iron borides is in good
agreement with XRD measurements of lattice
parameters of Fe(B, C) and Fe,(B, C) phases (see
Table 1). This implies that Nb is continually pushed out
in the melt ahead of the moving solid-liquid interface
into the interdendritic regions of growing Fe(B, C)
dendrites slowing their growth and causing noticeable
refinement (see Table 2). As a result, the secondary
crystals of NbB, appear at the Fe,(B, C) boundaries.

Fe-B-C powders with 5% niobium are harder (see
Table 3), on account of the finer Fe(B, C) dendrites
formed and the presence of NbB, secondary phase.
Niobium, as such, performs in the same way as that
described for molybdenum. The addition of niobium to
Fe-B-C powders has a substantial effect on the melting
temperature (see Table 3). Its presence also improves
oxidation at high temperatures.

It should be noted that the solubility of investigated
alloying elements in the constituent phases of Fe-B-C
powders increases in the order Nb, Mo, V, Cr. Taking
into account the metallic radii of individual metal
atoms [28] allows to explain why Cr and V completely
dissolve in Fe-B-C powders, but Mo and Nb have
partial or no solubility, as in this sequence the atomic
radii decrease. It is also understandable why alloying
elements are predominantly dissolved in the rhombic
lattice of Fe(B, C) than in more close-packed tetragonal
lattice of Fe,(B, C).

For a thorough understanding of mechanical
properties of alloyed Fe-B-C powders, it is important to
consider the electronic structure of the constituent
phases, including the electron distribution [29]. In
Fe,(B, C), boron forms strong covalent Fe-B bonds
[30]. According to the crystal structure, these bonds
connect B to eight neighboring Fe atoms. In the crystal
structure of Fe(B, C), B atoms forming zigzag chains
are in the interstices surrounded by Fe atoms. The
strong interactions between the atoms lead to strong
covalent B-B bonds. The combination of the covalent
Fe-B bonds and metallic Fe-Fe bonds in Fe,(B, C) or
the combination of the covalent B-B bonds and metallic
Fe-Fe bonds in Fe(B, C) contribute to the properties of
these compounds [30].

In assessing the alloying effects, the relative change
in concentration of the collectivized valence electrons
forming the Fe-B and Fe-Fe bonds, when Fe atoms are
replaced by Me atoms (where Me — Cr, V or Mo), is
responsible for the observed changes in mechanical
properties. Here, a decrease in hardness is predicted by
alloying with Cr and V, related to a decreased
concentration of collectivized electrons taking part in
the electronic exchange [29]. As a result, Me-B and Fe-
Me bonds become weaker; the hardness of the Fe-B-C
powders is found to reduce, but compression strength
improves.

According to electronic structure of Mo and Nb,
these elements rather act as electron acceptors. Their
valence electrons are localized in the stable d°-
configurations [29]. Any re-distribution of bonding
electrons caused by replacing Fe with Mo or Nb in the
crystal lattices of Fe(B, C) and Fe,(B, C) phases leads to
destruction of stable configurations. It results in limited
or extremely low solubility of correspondingly Mo or

Nb and formation of secondary phases. In the Fe-B-C
powders, some of the added molybdenum ions, larger
than iron ions making up the lattice, disrupt the regular
arrangement of ions and make it more difficult for the
layers to slide over each other. This makes the powders
harder and less ductile than the master powder (in which
the layers slip over each other more easily). Niobium
does not contribute to any hardness increase of Fe(B, C)
and Fe,(B, C) phases and enhances the hardness of
powders with preserving compression strength by
strengthening via the precipitation of secondary phases.

CONCLUSIONS

This study shows that the major constituents of
boron-rich Fe-B-C powders sized from 100 to 200 um
in diameter are found to be Fe(B, C) and Fe,(B, C) solid
solutions. When adding up to 5% of Cr or V to Fe-B-C
powders, these elements have complete solubility in the
structural constituents, preferentially dissolving in
Fe(B, C) phase and forming substitutional solutions. Cr
or V introduce the smallest lattice distortions which
relates to the relatively small differences in the atomic
sizes between the iron and substituting atoms.

Molybdenum or niobium have correspondingly a
limited or extremely low solubility in Fe-B-C powders.
At that, the refinement of structure is observed by Mo or
Nb additions. When the Mo or Nb content reaches 5%,
these elements are found in powders in the form of
chemical compounds with boron and/or carbon (Mo,B,
Mo, (B, C), NbB,) precipitated at Fe,(B, C) boundaries.

All alloying elements that form solid solutions in
Fe(B, C) and Fe,(B, C) phases affect their hardness.
Chromium, similar to vanadium, decreases hardness,
while molybdenum gives the hardness increase caused
by substitutional strengthening. This is because the
different atom size of Mo interrupts the orderly
arrangement of atoms in the lattices. Besides,
molybdenum like niobium increases hardness due to
formation of secondary phases.

Chromium has the largest effect on compression
strength, followed by decreasing effects from vanadium,
molybdenum and then niobium. Although different
mechanisms are involved in compression strength, the
addition of all alloying elements produces a rise in this
characteristic.

Chromium or vanadium are most effective for
improving oxidation resistance whereas molybdenum or
niobium increases this property to a lesser degree. This
improvement of the oxidation resistance is credited to
the affinity of alloying elements for oxygen and, as a
consequence, protective films are formed on the surface
of the powders that prevent the further diffusion of
oxygen.

Alloying elements, such as Cr and V, which enter
into Fe(B, C) and Fey(B, C) solid solutions lower the
melting temperature, with the exception of Mo and Nb
that give rise to melting temperature.

The effects of investigated alloying elements
replacing iron atoms in the Fe-B-C powders may be
explained considering a local change of the electronic
structure of alloyed Fe(B, C) and Fe,(B, C) phases
which is an indicator for stronger/weaker bonded atoms
in the crystals.
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CTPYKTYPA ¥ CBOMCTBA IIOPOIIKOB Fe-B-C, JETHPOBAHHBIX Cr, VV, Mo
MJIA Nb IS TINTASMEHHOTI'O HAIIBIJIEHU ST

E.B. Cyxoeasn

HccnenoBany BIUSIHAE JIETUPYIOIINX JJIEMEHTOB Ha MPOLecchl (HOPMHUPOBAHUS CTPYKTYPBI U CBOWCTB MOPOIIKOB
JUTS TUIA3MEHHOTO HATBUICHHUS, U3TOTOBJICHHBIX METOJIOM PaCIbUICHHS Bpalaroiierocs crepkHs. Coctas MOpOIIKOB
HAXOMWICS B CICAYIOIEM KOHIEHTpaionHoM suarnasone: B (10...14 Bec.%), C (0,01...0,5Bec.%), Me
(0...5,0 Bec.%), tme Me — Cr, V, Mo wmu Nb, Fe — ocratok. CTpyKTypy MOpOUIKOB H3y4aldd METOIaMH
MeTautorpaduu, PEHTTCHOCTPYKTYPHOTO aHau3a, CKaHUPYIOIIEH JNIEKTPOHHOU MHUKPOCKOIIUH,
PCHTTCHOCTICKTPAIbHOTO MHUKpOaHain3a. MeXaHUYeCKHe CBOWCTBA TMOPOIIKOB H3MEPSUIM Ha MHKPOTBEPAOMEpE
Bukkepca. Taxke ompenessuii MPOYHOCTh Ha CXKATHE, OKAJTMHOCTOMKOCTH, TEMIIEPATYPY IUIABIEHHS. XPOM U
BaHA[UI MOJHOCTBIO PACTBOPSIOTCS B CTPYKTYpHBIX cocraBisioinx Fe,(B, C) u Fe(B, C) mopomkos Fe-B-C,
3aMelias Keie30 B KPUCTANTUYCCKUX penretkax a3 u GopMHUpys TBEpABIC PaCTBOPHI 3aMeleHus. [IpucyTcTBys B
CTPYKType OOpHIOB JKelie3a, ATH JJIEMCHTHI TMOBBIIIAIOT WX IUIACTUYHOCTH W COMPOTHBICHHE OKHUCICHHIO, HO
CHIXKAIOT TeMIIepaTypy IUIaBJICHUsI M TBEPJOCTh MOPOIIKOB. MoauOAeH U HHOOUI B OCHOBHOM IPHCYTCTBYIOT B
CTPYKType B BHIEC BTOPHYHBIX (a3, Taknx kak Mo0,B, M0,(B, C) mmun NbB,, Beimensrommxcs 1Mo TpaHHIAM
kpucramioB Fe,(B, C). Kak ciexctBue, 3TH JETHPYIONIAE 3JIEMEHTHI MOBBIMIAIOT TBEPAOCTH, COMPOTHUBICHUE
OKHCJICHHIO U TEMIIEPATYPY UIABJICHHS TTOPOIIKOB.

CTPYKTYPA I BJACTUBOCTI MNOPOUIKIB Fe-B-C, JETOBAHHUX Cr, V, Mo
ABO Nb U151 IJIA3SMOBOI'O HATTMJIEHHS

O.B. Cyxoea

JocnimKkyBaiii BIUIMB JIETYIOYHX €JIEMEHTIB Ha mporecH (OpMyBaHHS CTPYKTYPH Ta BIACTHBOCTEH MOPOLIKIB
JUISL TUIa3MOBOTI'O HAITWJICHHS, BUI'OTOBJIEHMX METOJOM pO3MWICHHsS 00epToBOro crpikHs. CKial MOPOIIKIB
3HAXOAMBCS B  HACTYMIHOMY KOHICHTpauiiHomy  miamasoni: B (10...14 Bar.%), C (0,01...0,5 Bar.%),
Me (0...5,0 Bar.%), ne Me — Cr, V, Mo a6o Nb, Fe — zamumiok. CTpyKTypy HOpPOILIKIB BHBYAIH METOJAMHU
MeTtanorpadii, peHTTeHOCTPYKTYPHOTO aHali3y, CKaHyBaJIbHOI €JEKTPOHHOT MiKPOCKOIIii, peHTI€HOCIIEKTPaILHOTO
MiKkpoaHalizy. MexaHi4Hi BJIaCTHBOCTI MOPOILIKIB BUMIpPIOBAIN Ha MikpoTBepaoMipi Bikkepca. Takoxk BH3Hauanu
MILHICTh Ha CTHCK, OKAaJMHOCTIHKICTb, TEMIIEpaTypy IUIaBICHHA. XPOM Ta BaHAiil MOBHICTIO PO3YMHSIOTHCS B
cTpykTypHux ckianoBux Fe,(B, C) i Fe(B, C) nopouikis Fe-B-C, 3amimnyrouu 3ai1i3o B KpUCTANIYHUX IpaTKax ¢a3 i
(hopMmyroun TBepAi po3yMHHU 3aMimieHHs. [IpoHNKaroun B CTPYKTYypy OOpHAIB 3aii3a, Ii €JIeMEHTH IiABHINYIOTh X
TUTACTHYHICTD 1 OMip OKWCICHHIO, alie 3HIKYIOTh TEMIICpaTypy IUIABJICHHS i TBEpAicTh MOpomkiB. MomibaeH Ta
Hi001if B OCHOBHOMY MPHUCYTHI B CTPYKTYpi y BUTJIsLII BTOPUHHUX (a3, Takux sik Mo,B, M0,(B, C) abo NbB,, mo
BULIAIOThCS 0 Mexax kpuctaniB Fey(B, C). Sk Hacmimok, Ii Jieryiodi eleMEeHTH IMiIBHUIIYIOTh TBEPAICTh, OIip
OKHCJICHHIO 1 TeMIIepaTypy IUIaBICHHS HOPOIIKIB.



