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Possible Intelligent Materials Based on Compounds
with Valence-Unstable Rare-Earth Elements
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Intelligent materials occupy a special place among the huge number of known
materials and those, which are being created all the time. Despite the impres-
sive number of publications, no attempt has yet been made to classify com-
pounds with a valence-unstable rare-earth element (R.E.) as smart materials.
In this review paper, we show that the valence of the R.E. in some compounds
can be changed by external and internal factors, such as temperature, pres-
sure, changes in the occupation of d- and f-levels, and changes in the coordi-
nation polyhedra of atoms. Changing the valence of the R.E. may significant-
ly alter the electrical and magnetic properties of compounds.

Key words: mixed valence, smart materials, x-ray absorption, ytterbium,
cerium.

IHTeNeKTYyaIbHI MaTepiaau 3aiiMaoTh 0COOJIMBE MicIle cepeli BeJIUYe3HOol Kilb-
KOCTH BiJOMUX MaTepisiiB i TMX, IO MOCTiIiHO CTBOPIOIOThCA. HesBarkarouu Ha
3HAUHY KiJIbKicTh myOJiKalliii, goci He 0yJIi0 3p00JIEHO »KOAHOI CIPOOU KJIaCH-
¢iKyBaTH CIIOJYKHU 3 BAJEHTHO HeCcTabiIbHUM PiAKicHO3eMeJIbHUM €J1eMEeHTOM
(P.E.) ak po3ymHi MaTepianu. ¥ il oraAm0Bil cTaTTi MU ITOKa3yeMo, III0 Ba-
aeuTHicTh P.E. y geAKnx cnoJykax MoKe 3MiHIOBaTHCS 30BHIIITHIMH Ta BHYT-
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pilIHiMY YMHHUKaMU, TAKUMU SK TeMIIepaTypa, TUCK, 3MiHM B 3aIllOBHEHHi d-
¥ f-piBHiB, 3MiHK B KOOpAMHAIIHHMX moJienpax. 3MiHeHHA BajmenTHocTH P.E.
MOJKe iCTOTHO MiHATH eJIeKTPUYHI i MarHeTHi BJJaCTHUBOCTI CIIOJIYK.

KarouoBi cioBa: 3minrana BaJeHTHICTh, PO3YMHiI MaTepifin, peHTTeHiBChbKe
morJIMHaHHA, ITepbiii, [lepiii.

(Received 20 September, 2023, in final version, 15 November, 2023 )

1.INTRODUCTION

The purpose of this paper, based on the review of a considerable num-
ber of research papers on the physics of compounds with intermediate
valence, is to demonstrate that such compounds may be attributed to
such a wide class of materials that are commonly referred to as intelli-
gent materials[1, 2].

First, consider one of the most important conceptual features ac-
cording to which it has been customary to classify certain substances
as intelligent materials. It is the presence of interdependent but inher-
ently different properties (mechanical, electrical, magnetic, etc.) that
makes diverse materials ‘smart’. This allows these materials to be used
either as sensors, sensitive to a given external impact, or as actuators,
transmitting the impact from the control device to the controlled ob-
ject. In both cases, the impact response function is usually non-linear.
Some of the smart materials can respond independently to external im-
pact. One example is the bimetallic plates in the simplest temperature
controllers. In this case, the ‘intelligence’ of the material manifests it-
self in having a ‘memory’, i.e., the ability to restore the original shape,
which the object had before plastic deformation, during which this
shape was changed. In some cases, the intelligent materials open up new
fields of science and technology and determine the fundamental perfor-
mance of the most complex devices. In particular, the very small move-
ments of the probe in a scanning tunnelling microscope cannot be
achieved by mechanical systems. This is where smart materials with a
piezoelectric effect come in.

The most difficult part of creating intelligent materials and systems
based on them is providing feedback between the external impact and
the object’s response. Materials become ‘intelligent” when the sensing
and actuating elements built on their basis are combined into an intel-
ligent structure to achieve the required advanced functionality.

Over the past decades, a separate field of research has emerged in
solid state physics on a new class of intermetallic compounds with
strong interelectron correlations, known as heavy fermions, Kondo
lattices, and systems with valence instability. The study of the phe-
nomena of this class of materials containing some rare earth (Ce, Eu,
Yb) or actinide (U, Np) elements is mainly concerned with the interac-
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tion of partially filled localized f-states with each other and with the
band states of the crystal matrix. At low temperatures, the coupling
between localized and band states can be multi-particle in nature, lead-
ing to the formation of a narrow resonance in the density of states near
the Fermi level. This corresponds to the emergence of a separate group
of charge carriers with large effective masses, which are manifested by
anomalous behaviour of the main magnetic, thermophysical, and
transport properties.

It is particularly important to note that very different ground states
(superconductor, dielectric, band magnetics, heavy Fermi liquid, etc.)
can be realized in compounds of this class, depending on the properties
of the crystal matrix. This allows treating these systems as unique ob-
jects for the study of several functional questions about the nature of
cooperative phenomena in solid state physics.

At present, the ground state of the above intermetallic systems is
not well understood, and no theory has been developed to describe them
quantitatively at the microscopic level. When describing physical
properties, theoretical models often make conflicting assumptions
about the role of individual interactions in a crystal.

The available experiments are mainly devoted to the study of a ra-
ther narrow range of known Kondo systems and do not allow us to trace
in detail the effect of a number of characteristic parameters of the
crystal matrix on the formation of the ground state. Particularly, in-
sufficient attention has been given to the study of Kondo lattices con-
taining magnetically active d-elements of the iron group. The presence of
transition 3d-elements in such systems enables controlled changes in sev-
eral important parameters of the energy spectrum of the crystal matrix
and the ground state characteristics of the Kondo f-centres by means of
certain atomic substitutions. Also relevant in this area is the search for
new Kondo systems with well-defined magnetic f-sublattices of different
dimensions.

Apart from the purely theoretical interest in the intermediate va-
lence state as such, there are many areas where such compounds have
wide practical applications, for example, in information storage sys-
tems, as well as heat energy converters or efficient catalysts.

2. DISCUSSION

Using a series of examples, we are going to show the dependence of the
valence of a R.E., as the main parameter of valence instability, on sev-
eral external factors. The revealed instability of the valence state of the
R.E. on temperature, pressure, occupation of d (f) levels, changes in the
coordination environment, and other factors cause changes in the phys-
ical and chemical properties of the R.E. compound. In our view, this
means that intermetallic compounds with an unstable valence of the
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R.E. ions may be included in a subgroup of smart materials.

2.1. The External Pressure-Induced Change in the Valence Value

It is well known that Ce can exist in several phases [3]. We are interest-
ed in y-, a- and o'-phases, of which the first two have the f.c.c. struc-
ture; at room temperature, a 1° kind transition occurs between them at
a pressure of 7.5 Kbar with significant hysteresis. In the y-phase, ceri-
um is practically trivalent. The phase transition is accompanied by a
jump-like change in volume of = 15%; at the same time, magnetic prop-
erties, resistance, thermal and electrical EMF, etc. change dramatical-
ly. The a-phase, however, does not correspond to the total valence of Ce;
from the lattice parameter values and other data, it was found that im-
mediately near the transition, the Ce valence in the a-phase is ~3.67.
The occupation of the f-level continues to decrease with increasing
pressure, up to a value of 3.85, and then, at P =40 Kbar, a phase transi-
tion to a new phase o', which already has a valence of = 4+, occurs.

Let us now move on to the analysis of compounds containing va-
lence-unstable ytterbium. Figure 1 shows the variation of ytterbium
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Fig. 1. Yb Ly XANES spectra of YbInAu; at various pressures and room tem-
perature.
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valence in the YbInAu, compound with pressure [4]. For this com-
pound, the valence of ytterbium changes with increasing pressure
from the state of intermediate valence (P =0 GPa) to the integer va-
lence, namely 3+.

2.2, The Temperature-Induced Change in the Valence Value

The effect of changing the Eu valence on the demagnetization process
in the EuAg:Si; compound was investigated in [5] (Fig. 2). Strong 4f
and conduction-electron correlations enforce valence instability of eu-
ropium in EuCusSi: and EuPd:Si:. Doping with silver and platinum,
respectively, drives these systems at the verge of first order valence
transition where the competition between magnetic ordering and va-
lence instability becomes very clear [6]. With the increasing silver con-
centration in EuCu,-.Ag.Si,, the time averaged europium 4f-
elelectronic configuration is driven closer toward the divalent state.
The paper [7] shows that the valence of Eu changes not only with an
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Fig. 2. 15'Eu Mossbauer spectra for EuAg,Sis at several temperatures.
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Fig.3. X-ray absorption spectra for the intermediate valence compound
EuCusSi; at 300 K and 77 K. The spectra allow for distinguishing both config-
urations due to the exceedingly short observation time of the method [7].

external factor (temperature) but also with changes in the p-element
(Fig. 3). The latter is very surprising since both silicon and germanium
do not differ in the occupancy of outer orbitals.

The paper [8] reports on the synthesis of single crystals of EuCu,Si;
from an indium flux. In contrast to the previous studies [7] of poly-
crystalline samples, in which the intermediate-valence behaviour of Eu
is reported, it is found that in single crystals of EuCusSisthe behav-
iour of Eu is divalent, including the presence of antiferromagnetic or-
der at 10 K.

2.3. The Dependence of the R.E. Valence on the Structural Type of a
Compound

The electrical resistance, thermal EMF and magnetic susceptibility of
the compounds YbNisn and YbNiIns, with valence-unstable Yb were
measured at temperatures of 4.2-300K in Ref. [9] (Fig. 4). The va-
lence state of Yb was identified by measuring the x-ray L absorption
spectra at T=300 K (Fig. 5). It was shown that YbNisn has a Kondo
magnetic lattice and exhibits crystal-field effects. The preferred
scheme is the splitting of the 4f level of Yb® with the doublet for-
mation in the ground and first excited states. In the case of YbNilIny, a
valence-unstable state of Yb is formed that does not make significant
additional contributions to the transport coefficients.
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Fig.4. Temperature dependences of the electrical resistance of RNisIn
[R=Yb (1), Nd (2)] and YbNiIn4 (3). The inset shows the magnetic contribu-
tion to the overall electrical resistance of valence unstable Yb on a logarithmic
temperature scale.
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Fig. 5. The x-ray Lm edge of Yb in YbNisIn (1) and YbNiIn, (2) and their reso-
lutions into components (dotted curves).
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Fig. 6. The example of absorption data and their fits to the divalent and triva-
lent components of the Yb Liz-edge [10].

2.4. The Dependence of the R.E. Valence on the Second Component of
Ternary Intermetallic Compounds

a) YbTCu4 (T = Au and Mg)

Reference [10] and Figure 6 present the results of the dependence of
ytterbium valence on the second component of ternary intermetallic
compounds, which nevertheless retain their type of crystal structure.
b) Yb:2T'sSns (T =Pt and Pd)

In Reference [11], the valence states and thermoelectric properties
of Yb.TsSn; (T =Pt and Pd) with two inequivalent Yb sites were stud-
ied. For YboPtsSns, the 4f-hole occupancy number n; is estimated to be
0.4 at 300 K based on the magnetic susceptibility and Lm-edge absorp-
tion spectrum (Fig. 7).

2.5. The Effect of d- and f-Level Occupancy on the Valence State of Ce
and Yb in Compounds with the ThMn;. Structure

The L x-ray absorption spectra (77 and 300 K) and magnetic suscepti-
bility measurements were performed for RMAls compounds in [12].
The mixed valence state of Ce was observed in CeMAls with M =Cr,
Mn, and Fe. In the case of M =Cu the Ce?®" state is stabilized, but the
Yb-based compound shows an intermediate valence (vy,=2.5). In the
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Fig. 7. The x-ray Lm-edge of Yb at 300 K for Yb,T'sSn; (T =Pt and Pd) [11].

other Yb-based compounds, the Yb ion is mainly in the trivalent state
(Fig. 8). The temperature dependence of the magnetic susceptibility of
RFe,Als compounds fits the Curie-Weiss law over a wide temperature

range (Fig. 9).
Similar results were obtained in [13], where the temperature-
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Fig. 8. The x-ray absorption L spectra of Ce and Yb in RM 4Als compounds.
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Fig. 9. Magnetic susceptibility curves for RM,Als: La (1), Ce (2), Yb (3), Y (4)
and RCusAls: Yb (5), Y (6), Ce (7).

dependent specific heat, magnetic susceptibility, and resistance meas-
urements were carried out to study the electronic state of Yb ion in
Yb2Nia(P, As);. All the measurements identify a valence fluctuating
state for Yb in both compounds [13].

The x-ray photoelectron spectroscopy (XPS) and magnetic suscepti-
bility () of CeNi:Als; and of the reference compound YNi.Al; were re-
ported in [14]. Both the valence band and core level spectra were ana-
lysed.

2.6. The Dependence of the R. E. Valence on the Occupation of d-
Levels

The x-ray absorption spectrum at the Yb Liy-edge and x-ray emission
spectra of Ni and P at the K and Li-edges were studied experimentally
and theoretically in the mixed valent compound YbNi:P: with the
ThCr:Sis-type crystal structure [15, 19]. The electronic structure of
YDbNi.P; was investigated using the fully relativistic Dirac linear muf-
fin-tin orbital (LMTO) band-structure method. It was shown that the
individual Yb?" or Yb?" related x-ray absorption spectra contain the
weights of 0.73 and 0.27, respectively (Fig. 10).

Compounds of the same structural type (ThCr:Siz), namely RNi.Ge;
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Fig. 10. The x-ray Yb Ly absorption spectrum (open circles) in YbNi;P; meas-
ured at 300 K compared with the theoretically calculated ones for trivalent
(the full blue line) and divalent (the dashed red curve) Yb ions. The dashed-
dotted black curve presents the spectrum from the electric quadrupole
2p —> 4f transitions for the Yb®* solution multiplied by 10.

(R=Dy, Ho and Er) and YbNi:Si,, were studied in Ref. [16].

Although strongly correlated f-electron systems are well known as
reservoirs for quantum phenomena, a persistent challenge is to design
specific states. What is often missing are simple ways to determine
whether a given compound can be expected to exhibit certain behav-
iours and what tuning vector(s) would be useful to select the ground
state. The authors of Ref. [17] address this question by aggregating
information about Ce, Eu, Yb, and U compounds with the ThCr:Si,
structure. They construct electronic/magnetic state maps that are pa-
rameterized in terms of unit cell volumes and d-shell filling, which re-
veal useful trends including that (i) the magnetic and nonmagnetic ex-
amples are well separated, and (ii) the crossover regions harbour the
examples with exotic states. These insights are used to propose struc-
tural/chemical regions of interest in these and related materials, with
the goal of accelerating discovery of the next generation of f-electron
quantum materials.

The results of a comprehensive study of the magnetic properties of
the single crystal compound YbCosSi; are presented in Ref. [18]. The
data obtained confirm the stable trivalent state of Yb and the nonmag-
netic state of Co in the compound. A significant anisotropy of the
magnetic susceptibility y(T) was observed, whose moment in the
ground plane is twice that in the ¢ direction. The combination of this
result with the previously published neutron scattering data places
strong constraints on the values of the crystal electric field parame-
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TABLE 1. The valence of Ce and Yb in some compounds.

Compounds Structure Valence, T=78 K |Valence, T=300 K
CeCriAls ThMn;; 3.18 3.15
CeMnAls ThMn;, 3.13 3.19
CeFe Als ThMn;; 3.20 3.26
CeCusAlsg ThMn;; 3.05 3.08
YbFe Als ThMn;; 3.00 3.00
YbCusAlg ThMn, 2.46 2.48
YbNisIn MgSnCuy 3.00 3.00
YDbNilng YNilny 2.30 2.37
YbNiGa4 YNilng 2.67 2.62

YbCuo.5Gas.s BaAl, 2.18 2.11

YbPdo.5Gas.s BaAl, 2.17 2.20

YbAgo.315Gas.e2 BaAl, 2.27 2.26

YbAue.5Gas.s BaAl, 2.14 2.14

ters. The magnetic ordering in the YbCo:Siz compound at Txy=1.65 K
was found to have the antiferromagnetic nature.

3. CONCLUSIONS

The presented results of the study of the valence state of the R.E. in
some compounds (see also Table 1) give rise to certain conclusions
about their possible classification as a subgroup of smart materials. It
should be noted that the manifestation of unusual properties of Ce, Eu,
and Yb in many compounds is associated with the presence of anoma-
lies in their electronic configurations arising from the partial delocali-
zation of 4f-electrons and can initiate the transition to the states with
intermediate valence.

We demonstrate that the valence of the R.E. in some compounds can
be changed by external and internal factors, namely, (a) temperature
(e.g., cerium, EuCusSi», EuAg,Sis), (b) pressure (YbInAus), (c) the
change of the occupation of d- and f-levels (compounds with the
ThCr:Siz or ThMn;; structure), (d) the change of coordination polyhe-
dra of atoms (YbNisIn, YbNilIn,).
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EdexTn «opoiTaasHoro ckaa». 4. Tepmoctpuknia. Mexaniuni
BaacruBocrti. Jlomenu (crinku) I'axya. Conapu

0. I. Minexk, B. M. ITymkap

ITnecmumym memanogisuxu im. I'. B. Kypdomosea HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
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Cerperariia opbiTarbHUX MOMeHTiB L, yTBopioe «opbiTambue ckio» (OG). Ko-
BasIeHTHI B3aeMozii I, enementiB rpymu Ianya (GG-j) L’; (Gj=x,y,2=1,2,3)
BUPAKAIOTHCSA Uepes eJeMeHTapHi 30yaxeHHa E4 BcepenuHi j-nomenu (GG-j).
3B’a130K E, 3 QOHOHAMY II€PEHOPMOBYE YaCTOTY 3BYKY Wk (0HAETHCA PYHKILI-
ouan Awk(E,)). Mexa W mixk gomenamu (j=y, z) saBroBiku Sy =(I'/K)/?1i 3
enepriew Ew=(I'K)"? Busnauaersca KoucranTow K amizorporii j-gomernu OG.
Maca memxi (mwoc Ew) i il crabinisaris Pw 3amaioTh CIEeKTep KOJUBaHb
Ew(W ;). Yloro MoXHa BUKOPUCTOBYBATH AK Hed)epOMAarHETHI COHADH.

Karouosi ciroBa: cerperaiisa opoiTaabHUX MOMEHTIB, «opbiTaabue ckio» (0G),
konuBaHHA OG-j-nomeH i mex (W);) misk HUMM, HedepoMarHeTHi COHapU.

Orbital-moments’ segregation L, makes ‘orbital glass’ (OG). Covalent inter-
actions I'y of Galois-group elements (GG-j) L. (j=x, y, 2=1, 2, 3) express by
elementary excitations E4 in j-domain (GG-j). Connection E, with phonons
renormalizes sound frequency wx (functional Awkx(E,) is added). Wall between
domains (j=y, z) with thickness 6w =(I'/K)'/2 and energy Ew=(T'K)'2 is de-
termined by constant K of j-domain anisotropy. Wall mass (mw « Ew) and its
stabilization Pw give oscillation spectrum Ew(W;). It may be used as non-
ferromagnetic sonars.

Key words: orbital-moments’ segregation, orbital glass (OG), oscillations of
0OG-j-domains and walls (W;;) between them, non-ferromagnetic sonars.
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(Ompumano 17 nucmonada 2023 p.; ocmamoyH. sapianm —5 epyons 2023 p.)

1. BCTYII

das3u Ha aToMHIiN (asoBiil miarpami (ADP]l) BiapisHAIOTHCS TEPMOCTPHU-
kiieto [1]. [Ia xapakTepuctuka (medopmaria u(T) ax GyHKIIia TemIe-
parypu T) ineatudirkye dasu AD] i mepexonm mixk HuMu. BoHa mae
IPOABIATHUCA 3a cerperarmii opOiTaJbHUX MOMEHTiB L., yTBOpIOIOUM
«opbiTansue ckao» (OG)[2].

PospaxoByemo u;(T) omHO3HAYHO, BUKOPUCTOBYIOUM MOBY Oararoe-
JeKTpoHHUX onepaTopHux crinopis (BEOC) [3].

Opb6itansae ckao (OG) saiimae 00’em Vi merasy (abo cromy). KoBaie-
HTHI 88’ asku H®' Mix BysjaaMu r i r+ p Buginaiors B Ni, U2® rpynu L'a-
Jya, aKi cKjamaioTbca 3 okpemux L, Bcepeamui Vg(Ni) abo map (L.t
L:.pl) (U?®), Tunmy cninoBux anTudepomarseruxis [1,3]. Tpynu Iarya
(GG-j) i3 cmorTaEHUMU AedopMAaIiaMU U;(S), TOOTO TEPMOCTPUKIIIEIO U;
mnsaj=1,2,3=x,y, 2, € BKybiunux Ni, Co, U?®, Tunu cerperamiii (GG-
j, me j=x, y, 2), crBopiorors AD]] peasbuoro merany (pax 3d =Co, Ni,
...) a6o P3M (4f =Dy, ...). lomenu, mo 3’aBiaaoTeca (rpynu Lanya is
j=x, Yy, 2) posnijsieHi TOMeHHUMU (raﬂya) me:xxkamu Wi(x), HATpUKJIAM,
mixk (GG-3) i (GG-2 (y)). Caigyroun AxynoBy—BoHCOBCEKOMY, IpeacTa-
Biaemo W .(x0z) ToBmmHOIO 0,.(x) 3 eHepriero Ew[W(x)] 3a anasoriero 3
¢epoMarHeTHOIO TOMEHHOIO CTPYKTypoio [1].

TepmocTpuKIlia (B HaIriil Teopii) BUKOPUCTOBYE imeo AKyJoBa Ha
moBi BEOC ak mis ogmomomenuoro OG, Ttak i giasa 6aratomomMeHHOTO V.
Y 3ByKOBOMY ITOJTi

u, (t) ~ exp(iot) ~ W,(t) (1.1)

BOHA CIPUHUMAETHCA AK KoamBaHHA V(). 1li xBuii copuiimaioTbCcsa co-
HapaMu; TOMY CTBOPeHHs coHapiB Ha OG misKoM peaabHe.

Tepmonpy:xaicTs Iamya (To6To OG) TeopeTHUHO aHAJOTIYHA MarHe-
roupyskHOCTi [3]. Hemarumerui OG-coHapu MOMKYTh BUABUTUCS IIPOCTi-
muMu (1 epeKTUBHIIIMMHY), Hi’K MarHeTOCTPUKITINHI. 3Mmimienua W
(t > to) 3miHIOE ciocTeperkyBaHi BiacHi yactoru Ve(t).

2. CTATUYHA TEPMOCTPURIIIA

O6sacts OG (06°eM Vi cTOIY) CTBOPIOE KOBAJIEHTHI B3a€EMO/Iil eJIeMeHTiB
rpynu Lanya:

H* =-Y [(p)L,L,,, (Ni,..) (2.1)

3 QYHKI[IOHAJIBLHUM 3B’ I3KOM
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T(p) =T, +(V,)u (2.2)

mix fionamu Ni (ogunounumu eiaementamu GG-3). Ilapu (Lt, Ly), eie-
vmeatn (GG-3), maa U?® (memarseTHOro) 3MiHIOIOTH KOBAJIEHTHHI
3B’ 130K

H*[r,p] ==Y T(®)L,L,,,, (2.3)

3 pyukiionagom (2.2), AKUNA Mae CKJIATHIITY cuMeTpiio (aHizoTpomiio),
mix oquaMyHi [Ni (L;)].
Ha mepexony 10 AMHAMiKM BBOAUMO 3BYK Uii(t) i hoHOHM:

u(r,t) = (b) (£)e™ +b,(t)e ™), [b,,b:]1=3,, - (2.4)

k
Cratuka BBOAUTHCA yepes TepMoarHaMiunmii moreniaa (TIII):

AD(,) = MY T(OLLL, u,(r, p). (2.5)

BBoguMo TepMOCTPUKIITHY KOHCTAHTY

A (T) =) T'(p) <L, >. (2.6)
Cymapauiit THII — r’p
Q) =AD+Cul /2. (2.7
BapiroBaHHsA 0o Ja€ TEPMOCTPUKITIIO:
u,(T)y=xr,(T)/C, (2.8)

na (GG-3).
Mikpopospaxyuku (BEOC) gisa mopsa poHoHiB by 3 'aminbToHiTHOM

H' =) hobb, (2.9)
q
mouHeMo 111 Ni (abo Co), BBogsaun a1 OG 3B’ A30K 3 hOHOHAMU

H" =32 L(b, +b)L,,,, L={L+L"}. (2.10)
r,p

r+p’
Ycepenuioemo (2.10) 1o yacTuHAX:

<H™ >=%y <L >+ Mp)<LL  >=
P

(2.11)
= Ao L2 + AMT) = hgy(T), < L >=L,.

Onepsxyemo anizorporniio (GG-3) 3 KOHCTAHTOIO
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K =) u,,.

3. TMHAMIKA TEPMOCTPHKIIIT

(2.12)

Konusanua rpatauii OG y 3BYKOBOMY IIOJIi ®x IIOYHEMO PO3TIIALATH 3

Bunagky Ni. Enementu rpynu (GG-3):#on

H" =T L.L +T,LL, [L,L]=2L3,,
k

Yy 3BYKOBOMY 11011 ((hOHOHIB)

H® =Y obb,, [b,b]=3,-
k

IxHa Bzaemogia

H" =Yy L L, + b L) 7, ~ iy = [VI(R)Y, ],
k,q

BupasxaeTbes Ha MoBi BEOC uepes I'pinoBi dyHKIii.

Bsozaumo aisa I pinoBux pyHKIii
Gy, = << b|bs >>

PiBHAHHSA PYyXY

(E - 0)Gy = D 1,y = O» Gy =<< LiL_ |b, >>
q

i mauri
(E-T,+T )G - 7,6y =0
=
yepes fpiHOBy (PYHKIIiIO APYTOro HOPALKY

G, =<<LL, L b

N
raep bp >>
Ti anpoxcumyemo:

G* = LN]'S,, G-

p pk-q

IlizcraBasemo (3.8) B (3.6) i maii B (3.5).

ITepenopmyemo uacToTu 3BYyKY (OG): 0k — Ok + AWk,

Ao, =D (v2 / TOLND,
q
e
N =(LiL,) = NJ(T,)

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)



E®EKTU «OPBITAJIBHOI'O CKJIA». 4. TEPMOCTPURIIISA 19

€ QyHKIIiOHAJ YKca CTaHiB BiacHUX XBUJIb rpataHuIi OG.

Bmius (3.9) Ha comapu € 0inbIn ciabKuM, aHiK MarHeTOCTPUKILii-
Huii. Asne BoiuB (3.10) Ha suHamiuHi Ta KiHeTwuni BiactuBocti Ni #
immux metaiiB (axki maoTs OG) € icToTHUM i Mae BpaxoByBaTHCA.

4. TEPMOCTPHKIIIA U3
ITapui eremenTu (L1, Ly) rpynu (GG-3) B cronax U Tunry U—Co [4] Kom1Te-
HCYIOTb MarHeTHUI MOMeHT (cmiH S;— 0) i 3MeHIITyI0Th MarHETOCTPUK-
niro. Hemarseranii U%%® num npuBabinBuii 418 TEXHIKY eJIeKTPO3BYKY.
Enementu (GG-3)
H" =T L L, + ;Fk(LLTLh + Ly L) (4.1)
B3a€MOJIIOTH 3i 8ByKOoM (b, ,b,) :

H™ =% v (&)L L, + L b L, ) (4.2)
k,q

yepes rpiHOBi dyHKIiI. PiBHAHHA 1)1 HUX —

Gy =<<b|b; >>, (E-0)G +Y 1,Gy =1, (4.3)
q
Ie (pyHKITifg IepInoro mopAagIKy —
1 - 7 +
Gy =<< LyL .| b >>- (4.4)

Maemo HacTymnHe piBHAHHA:
-1~-1 2
(E-T,-T, )"'Gy->7,Gi, =0. (4.5)
I piHOBY (PYHKIIiIO IPYTOTO IOPALKY, IO BXOAUTS B (4.5), AIPOKCUMYEMO

G2

kqp

=<< [(L1 Ly i0)> Lpr Lip )1 b,

(q+

by >> (4.6)

micJIst KoMyTaIrii.

5. MEJKI JOMEH I'AJIY A BIIOJII 3BBYRY

Ha Biracui vacroru Ex(j) kosxHOI (GG-j)-m0MeHN HaKJIaZAaI0THCA CIIEKTPHU
pyxy criaku Wi(r,t). Bubepemo W .(x) y BUTJIAAL TIIOIIWHY, 1[0 PO3Ji-
ase (y, z)-nomenu. Ii pyx — B3moBx (02) y =0 (0 < x < ).

BpaxoByiounu JokanbHy gedopMarliiio u..(3) romernu (GG-3), BBoaguMoO
KOHCTaHTY anizorpomii (ogHoBicHOT) K o us3(3). 3a Teopieio JoMeHHUX
cTinok [ 7] omepsryemo ToButuRy Ow(K) i eneprito Ew cringku W, (x):
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8, =('/ K)"?, E, =(TK)"?=zm,,. (5.1)
JJ1s Mmacu CTiHKY mw MaeMo PiBHAHHA 11 pyxy:
myZ+yz2+ P, =u,(t) < e, (5.2)

Ie P — eHeprisd crabiaisanii cTinKku Ha piBHi.
PosB’a30xk (5.2)

2(t) = u,,(t) / [(my,0° — P) +yol, P=of/m, (5.3)

BUIJISE€ BJIACHY YaCTOTY CTiHKHU Mo i il rasmbmyBaeHA ¥. KonmuBaHHuA cTi-
HKH ® —> (09 BUITPOMiHIOIOTh 3BYK 3 YaCTOTOIO M9 a60 Pe30HAHCHO IIOTJIN-
HaioThL ¥oro. Ile ocHOBa poOOTH cCOHapa HA YACTOTi ® — ®o (MaTepian
Ni). Marepian U?® norpebye 6iabin diTKoro pospaxyHky K(u.:) i Oymge
POSTVIAHYTUH B iHIIIOMY MiCITi.

6. BUCHOBKH

1. TepmocTpukiia OG (A\;) BupaaeThes uepes mapamerep Ly cerperairii
opbOiTansaEMX MOMeHTIB L, (GG-3) i rycTuny ixHiX 30ym:xens K.

2. lomenwu cerperariii (GG-j) rpynu Tanya (j) MaIOTh BJIACHI KOJUBAHHA
E,;. IxHiii 3B’ 130K 3 ()OHOHAMU IePEeHOPMOBYE YACTOTY 3BYKY B 00JaCTi
Ve, saitaariit nomeHow (GG-j), Ha Awk(Ey)).

3. Criurka Wy; mixk gomernamu (i, j=y, 2) KybiuHOTO MeTaTy Ma€e BJIaCHL
KosguBaHHA Ew.

4. BnacHui xomuBauHa j-gomeH Ianya (Ey) i crinku mix muvmu (W) Ew
MOJKYTb BUKOPHCTOBYBaTHUCS 11 coHapiB OG-mipupoan.

5. Koncranra ogHoBicHOI amizorpomnii j-nomenu I'anya (GG-j), BusHaua-
€ThCA TEH30POM TePMOCTPHUKIIII A 1 ToKaIbHOIO AedopMaIrieo u;; IoMeHn
jBo6’emi OG (V).
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Influence of Technological Parameters of Deposition on Physical
and Mechanical Properties of Vacuum-Arc Multilayer Nitride
Coatings Based on Chromium and Niobium
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Establishing the regularities of the structure and phase formation of vacuum-
arc multilayer nitride coatings at different technological parameters is im-
portant for the predicted obtaining of the required properties of multilayer
systems. To analyse the influence on the physical and mechanical properties,
the following technological parameters of deposition vacuum-arc multilayer
nitride coatings are chosen: pressure of the reaction gas in the vacuum cham-
ber (0.08-0.27 Pa), constant negative voltage on the substrate (70—-200 V), lay-
er thickness (17-150 nm) and number of layers (68, 270, 1080). Chromium and
niobium nitrides, which are promising materials in many fields of application,
are chosen as components of vacuum-arc coatings. The research show that vac-
uum-arc multilayer nitride coatings CrN/NbN obtained under different tech-
nological conditions have high planarity of layers and practically no drop phase
in the volume of the coating. The analysis of heterogeneity of the structural
and phase state of the coatings is carried out by the root-mean-square deviation
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of the vacuum-arc coating microhardness. The trends in changes in physical
and mechanical properties are evaluated based on the average values of micro-
hardness, contact modulus of elasticity, and others ratios.

Key words: vacuum-arc coatings, multilayer coatings, microhardness, sur-
face morphology, physical and mechanical properties.

BcecranoBienHA 3aKOHOMipHOCTEIHl CTPYKTYpPO- Ta (a30yTBOpPEeHHS BaKyyMHO-
IyroBuX 6araTomiapoBUX HiTPUIHUX MOKPUTTIB 3a Pi3HUX TEXHOJIOTIUHUX IIa-
pameTpiB HaHEeCEeHHS € BAYKJIMBUM AJIA IPOTHO30BAHOTO OJePKaHHA MOTPiOHUX
BJIACTUBOCTEM OaraTomiapoBux cucteM. [asa aHamisu BmamBy Ha (isuKo-
MeXaHiuHi BJIacTUBOCTI 6y 00paHi HACTYITHI TeXHOJIOTiUHI TapamMeTpy HaHe-
CEeHHSI BAKYYMHO-IYTOBUX 0araTolnapoBUX HITPUAHUX IIOKPUTTIB: THCK peak-
IiiHOrO rasy y BakyymHiin kamepi (0,08—-0,27 Ila), mocriiiHa HeraTuBHA Ha-
npyra Ha migkjgaguHIii (70—-200 B), ToBmimua miapiB (17—-150 HM) i KigbKicTh
mapiB (68, 270, 1080). B aAKocTi cKJIaZOBUX BaKyyMHO-IYTOBUX MOKPUTTIB
oyau obpani HiTpuau Xpomy ta Hiobiro, AKi € mepcleKTUBHUMY MaTepisaamMu
y baraThox raJjyssx sactocyBaHHA. IIpoBemeHi HOCaif)KeHHsA MOKa3aJju, IO
oJlep:KaHi 3a PiBHMX TEXHOJIOTIUYHMX YMOB BaKyyMHO-AYI'OBi OarartoIiraposi
"iTpunui nokpuTrtss CrN/NbN MaoTh BUCOKY MJIAHAPHICTD IIAPiB i IPaKTUYHO
BificyTHiCTh KpameabHOI (pasu B 00°eMi MOKPUTTSA. AHaJi3y HeOTHOpimgHOCTU
CTPYKTYPHO-()A30BOT0 CTaHy IMOKPUTTIB ITPOBOAUIM 34 CEPEeTHLOKBAApPATHAU-
HUM BiIXMJIOM MiKPOTBEPAOCTH OJEPKaHMX BAKYYMHO-IYTOBUX HOKPUTTIB.
OriHoBaHHA TeHJEHIiH 3MiH (isMKO-MexXaHiUHMX BJIACTUBOCTEIl BUKOHYBa-
JIOCS 3a CepefHiMU 3SHAaUEeHHAMU MiKDPOTBEPAOCTH, KOHTAKTHOIO MOAYJIA IIPY-
"KHOCTHU Ta IHIIINX CIIiBBiTHOIIEHD.

KarouoBi ciioBa: BaKyyMHO-IYIOBi IOKPUTTSA, O0araToiiapoBi IOKPUTT, MiK-
POTBEPAiCTb, MOP(OJIOTiA MOBEPXHI, (hi3MKO-MeXaHiuHI BJaCTHUBOCTI.

(Received 17 October, 2023; in final version, 20 November, 2023 )

1.INTRODUCTION

In recent years, the development of vacuum-arc coatings for various
fields of application is based on the combination of coating components
with different physical and mechanical, electrical, magnetic, optical
properties and the complication of the vacuum-arc coating structure.
Thus, over the past two decades, a wide range of multicomponent [1-5]
and multilayer [6—10] coatings have been created and researched.
These studies showed the perspective and limitless possibilities of cre-
ating vacuume-arc coatings for various purposes.

One of the important factors affecting the functional properties of
multilayer vacuum-arc coating is the state of the interphase boundary
between layers of materials with different phase composition and
structural state. This becomes especially significant when the thick-
ness of the layers is reduced to tens of nm [11, 12]. In addition, the
thickness of individual layers and their total number also make a sig-
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nificant contribution to the processes of controlled formation of vacu-
um-arc coatings with the necessary properties [13, 14].

In order to obtain predictably the required properties of multilayer
systems, it is important to establish the regularities of structural and
phase formation of vacuum-arc multilayer coatings under different dep-
osition technological parameters, namely, the pressure of the reaction
gas in the vacuum chamber, the constant negative voltage on the sub-
strate, the thickness and number of layers. Despite the large number of
studies in this direction and taking into account the infinite number of
possible combinations of multilayer systems, this task is still relevant.

Nitrides of transition metal of IV group (Ti, Zr, Hf) [15-17], V
group (V, Nb, Ta) [18—-20] and VI group (Cr, Mo, W) [21-23] are main-
ly used as components of a multilayer system. For example, chromium
nitride has good wear and corrosion resistance, high temperature sta-
bility, and a lower friction coefficient than titanium nitride [24]. Due
to this, it is used as a protective coating on a cutting tools operating at
high cutting speeds. In turn, niobium nitride has high hardness and
electrical conductivity, good heat resistance and chemical inertness
[25], and is used in microelectronic devices, superconductor detectors
and other fields. When these two materials are combined, it becomes
possible to obtain new properties of vacuum-arc multilayer coatings
and expand the field of their application.

This paper presents the results of studies of the influence of deposi-
tion technological parameters on the physical and mechanical properties
of vacuum-arc multilayer coatings based on chromium and niobium.

2. MATERIALS AND METHODS
2.1. Materials and Deposition

Vacuum-arc nitride multilayer coatings based on chromium and niobi-
um were deposited in a modified installation ‘BULAT-6’. The evapora-
tor materials were pure metals of vacuum melting: chromium
(Cr99N1) and niobium (Nb1). Cathodes were made of rods with a diam-
eter of 60 mm.

AISI 430 BA + PVC stainless steel samples with a mirror-polished
surface were used as substrates for deposition of coatings. Surface
roughness of these samples R, was lower than 0.05 pm. The dimensions
of the samples were 18x18x2 mm. They were used to determine the
physical and mechanical, tribological properties of coatings.

Previously, the samples were washed with an alkaline solution in an
ultrasonic bath for 10 minutes, and then with Nephras C2-80/120. Dur-
ing the deposition of the coatings, the samples were placed on both sides
on a vertically located metal substrate-holder in the vacuum-arc cham-
ber of the installation. Substrate-holder was in the form of a rectangle
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with dimension 220x300 mm. It was placed on the same horizontal level
as the evaporators and rotated around its vertical axis. The evaporators
themselves were located opposite each other, as shown in Fig. 1.

Before deposition of the vacuum-arc coatings, the vacuum chamber
with the samples was pumped to a pressure of P=1.3-10"3Pa. After
this, the ionic cleaning and activation of the sample surface were car-
ried out by bombardment with metal ions with continuous rotation of
the substrate-holder and a constant voltage on it —1.1 kV. The process
of samples cleaning and heating lasted for 10 minutes. After these pro-
cesses, an underlayer of pure metal (Cr, Nb) was deposited to improve
the adhesive properties of the coatings.

To study the influence of technological deposition parameters on the
physical and mechanical properties of vacuum-arc multilayer nitride
coatings based on chromium and niobium, three series of coatings were
obtained: with continuous rotation of the substrate holder with sam-
ples at a speed of 12 revolutions per minute (series I), at the interval of
the substrate holder rotation of 80 seconds (series II), at the interval of
the substrate holder rotation of 20 seconds (series III).

Control of the technological installation units (motor of substrate
holder rotation and power sources of the evaporators) during the depo-
sition of vacuum-arc coatings of the second and third series was car-

Fig. 1. Scheme of the installation for deposition of vacuum-arc multilayer ni-
tride coatings: 1—vacuum chamber, 2—vacuum-arc evaporator (titanium),
3—shield, 4—substrate holder with samples, 5—gas inlet, 6—substrates
(samples), 7—vacuum-arc evaporator frame—the anode for the gas dis-
charge, 8—vacuum-arc evaporator (chromium), 9—switching relay for con-
nection of evaporator power supply, 10—high negative voltage source Usg,
1]1—system for controlling the deposition of nanolayer vacuum-arc coatings,
12—vacuume-arc evaporator (niobium).
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ried out using the system for controlling the deposition of nanolayer
vacuum-arc coatings [26]. During the deposition of the second and
third series of coatings, the evaporators were turned off during the ro-
tation of the substrate-holder by 180°. This made it possible to obtain
clear boundaries between the layers.

The technological process of deposition vacuum-arc multilayer ni-
tride coatings to the samples took place within 1.5 hours. The pressure
of the reaction gas (nitrogen) in the vacuum chamber varied from 0.08
to 0.27 Pa. The constant negative voltage on the substrate was -70V
and —200 V. The arc current of evaporators was 80 A (for chromium)
and 100 A (for niobium). The evaporators had plasma flow focusing by
amagnetic field 5 mT. The distance from the evaporators to the axis of
substrate-holder rotation was 500 mm.

2.2. Structural Characterization

Planar raster electron microscopic images were obtained using a Tescan
Vega 3 SBU in secondary electron mode at an accelerating voltage of
30kV. The samples were examined without applying any coatings. A
standard technique was used to study the cross sections, which consisted
of cutting the sample (STRUERS Secotom-50 saw), fixing it in a poly-
mer matrix, and successive mechanical grinding and polishing
(STRUERS Tegramin 25 device). Cross sections were examined in a field
emission scanning electron microscope (Zeiss ULTRA Plus) at an accel-
erating voltage of 2 or 10 kV. An in-lens detector of secondary electrons
and a wide-angle detector of backscattered electrons were used.

2.3. Mechanical Testing

The study of physical and mechanical characteristics of coatings on
stainless steel samples was carried out by the microindentation method
using CMS hardness measurement equipped by standard Vickers pyr-
amid. Microhardness numbers were determined under indentation
loads not higher than 1.0 N. Microtester capable for load-displacement
measurements and equipped by trihedral Berkovich pyramid was used
to determine Young’s modulus, E, according to the test method proce-
dure originally proposed by Oliver and Pharr.

3. RESULTS AND DISCUSSION

3.1. Structural Characterisation of Vacuum-Arc Multilayer Nitride
Coatings CrN/NbN

Technological parameters of deposition of vacuum-arc multilayer ni-
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tride coatings: arc current of chromium evaporator I,; and niobium
Ia2, constant negative voltage on the substrate Us, pressure of reaction
gas (nitrogen) Py are presented in Table 1.

Three series of vacuum-arc multilayer nitride coatings were ob-
tained by using of different technological modes: coatings with differ-
ent thicknesses of individual CrN and NbN layers and bilayer period
(CrN—-NbDbN), number of layers (68 and 270 layers) and kind of the in-
terface between the layers (clear boundary or transition layer).

Figure 2 demonstrates SEM images for the surface morphology of
vacuume-arc coatings of three series, obtained under the same technolog-
ical conditions (constant negative voltage on the substrate Us=-200V
and pressure of the reaction gas (nitrogen) Py =0.08—0.09 Pa).

The use of different technological deposition modes of vacuum-arc
coatings, namely turning off the power sources of the evaporators
(chromium and niobium cathodes) after 20 s and 80s for the time of
turning the substrate holder (5 s) and permanently switched on evapo-
rators, affect the processes occurring on the cathodes surface and in
the near cathode zone (width up to 2:107* cm [27]). The formation pro-
cesses of cathode spots of the I and II types and the duration of their

TABLE 1. Technological parameters of deposition of vacuum-arc multilayer
nitride coatings based on chromium and niobium.

Series No. Coating | Ia1, | Ias, Py,
of coatingsjsamplecomposition| A A Pa

I-1 CrN/NbN 80 120 -70 0.27 Constant rotation
I I-2 CrN/NbN 80 120 -200 0.27 Constant rotation
I-3 CrN/NbN 80 100 —-200 0.09 Constant rotation
Rotation interval — 80 s,

Us, V| Technological mode

II-1  CrN/NbN 80 100 -200 0.27

68 layers
-2 CrN/NbN 80 100 —70 0.27 otationinterval==80s,

I 68 layers
II-3 CrN/NbN 80 100 —70 0.0 Rotationinterval-==80s,

68 layers
4 CrN/NbN 80 100 —200 0,08 otationinterval=80s,

68 layers
-1 CrN/NbN 80 100 —200 0.27 Rotationinterval =20s,

270 layers
-2 CrN/NbN 80 100 —70 0.27 Rotationinterval =20s,

I 270 layers
I3 CrN/NbN 80 100 —70 0.08 Rotationinterval=20s,

270 layers

Rotation interval — 20 s,

I1I-4 CrN/NbN 80 100 -200 0.08 270 layers
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Fig. 2. SEM images of the surface morphology of vacuum-arc multilayer ni-
tride coatings CrN/NbN obtained at the same technological conditions
(Us=-200V, Px=0.08-0.09 Pa): I series—sample I-3 (a), II series—sample
11-4 (b), I1I series—sample I11-4 (¢).

existence on the cathode surface, the temperature of the cathodes, the
composition and state of the metal component of the plasma depend on
these conditions. Thus, even a relatively small change in the tempera-
ture of the cathode leads to a significant decrease in the average energy
and multiplicity of metal component ions of the plasma [27], which, in
turn, further affects the deposition processes of the vacuum-arc coat-
ing, the structural-phase state, and the physical and mechanical prop-
erties of the vacuum-arc coatings.

Figure 3 demonstrates SEM images for the surface morphology of
vacuum-arc multilayer nitride coatings CrN/NbN of third series ob-
tained under different technological conditions of deposition.
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Fig. 3. SEM images of the surface morphology of vacuum-arc multilayer ni-
tride coatings CrN/NDbN of third series obtained under different technological
parameters: sample III-1, Us=-200V, Py=0.27Pa (a), sample III-3,
Us=-70V, Px=0.08 Pa (b).

A transition layer of Cr—Nb—N is formed between CrN and NbN lay-
ers of the vacuum-arc nitride coatings in the mode of continuous rota-
tion of the substrate holder with permanently switched on cathodes
(series I). However, a clear boundary between CrN and NbN layers is
formed when using a system for controlling the deposition of nanolay-
ers vacuume-arc coatings (series Il and III), due to turning off the cath-
odes for the time of turning the substrate holder.

Figure 4 demonstrates SEM images of cross-section of vacuum-arc
multilayer nitride coatings CrN/NDbN with different thicknesses of in-
dividual CrN and NbN layers and bilayer period (CrN—NbN), the num-
ber of layers (68 and 270 layers), and the kind of the interface between
the layers (clear boundary or transition layer). The boundaries between
the layers are clearly visible, as can be seen in Fig. 4.

Analysis of the cross-sections SEM images of the vacuum-arc multi-
layer nitride coatings CrN/NDbN of three series with different number
of layers showed that the total thickness of the coatings was 3.6 um for
the vacuum-arc coatings of the first series, which were obtained by
continuous rotation of the substrate holder, and about 8 and 9 pym for
vacuume-arc coatings of the second and third series, respectively.

Table 2 shows the geometric parameters of the vacuum-arc multi-
layer nitride coatings CrN/NbN of three series, namely the thickness
of the chromium nitride Ac.n and niobium nitride Ax,x layers, the bi-
layer period h.,, the total coating thickness &, the number of bilayers
(periods), and the total number of layers.

Evaluation of the thickness of individual chromium nitride layer
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Fig. 4. SEM images of cross-section of vacuum-arc multilayer nitride coatings
CrN/NDbN of three series with different number of layers: I series (sample I-
3)—constant rotation (a), II series (sample II-4)—68 layers (b), III series
(sample ITI-1)—270 layers (¢).

TABLE 2. Geometric parameters of vacuum-arc multilayer nitride coatings

CrN/NDbN of three series.

. . Total
Serlgs of Coatlpg [— hnbN, By, nm | %, pum quber number
coatings |composition nm of bilayers

of layers
Iseries CrN/NbN - - 6.7 3.6 540 1080
IIseries CrN/NbN 80 150 230 7.8 34 68
III series CrN/NbN 17 50 67 9 135 270

hern and individual niobium nitride layer Anwn for vacuum-arc multi-
layer nitride coatings of the first series (with constant rotation of the
substrate-holder) was not carried out, since these coatings do not have
clear transition boundaries between CrN and NbN layers due to the
formation of a transition layer Cr—Nb—N.

In general, the resolution of the EDS technique is at the level of 1 um.
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Fig.5. Elements distribution of vacuum-arc multilayer nitride coatings
CrN/NDbN of the second series (sample II-4) by depth of the coating: nitrogen
N (a), chromium Cr (b), niobium Nb (¢).

However, as we can see from Fig. 5, which shows the EDS map of sample
I1-4, the observed map demonstrates the layered state of the sample.
The given elemental maps do not contain indications of a violation of
the layered structure homogeneity in the depth of the coating.

The elements distribution of the vacuum-arc multilayer coating on the
surface of sample II-4 is shown in Fig. 6. It can be seen that the coating is
quite homogeneous in composition. The analysis of the images showed
that the obtained coatings of the II and III series have high planarity of
layers and practically no droplet phase in the volume of the multilayer
vacuum-arc nitride coatings CrN/NbN, as can be seen in Fig. 4, b and c.

The chemical composition (on the surface) of the vacuum-arc multi-
layer nitride coatings CrN/NDbN of the second series (sample II-4) is:
25.1 at.% niobium, 32.5 at.% chromium, 42.4 at.% nitrogen.

3.2. Mechanical Characteristics of Vacuum-Arc Multilayer Nitride
Coatings CrN/NbN

3.2.1. Microhardness of Vacuum-Arc Nitride Coatings CrN/NbN

In order to compare the physical and mechanical properties of vacuum-
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arc multilayer nitride coatings CrN/NbN with the properties of pure
metals (Cr and Nb), nitrides and individual nitride coatings (CrN and
NbN) and to further establish the regularities of the influence of the
technological deposition parameters, their properties are shown in Ta-
ble 3 (microhardness H, and modulus of elasticity E,) [28—34].

The microhardness of the studied vacuum-arc multilayer nitride
coatings based on chromium and niobium is presented in Table 4 in the
form of the minimum Hui,m and maximum H.,., values of the micro-
hardness, the range of the obtained values AH, the average value Hyea
and the root mean square deviation (RMSD). Evaluation of the micro-
hardness was carried out by eight measurements at a distance of
100 ym between them, with a total measurement length of 0.7 mm.

CrL

oL i 1,2

500 um' 500 pm !

5 '

00 pm

c d

Fig. 6. Element maps of vacuum-arc multilayer nitride coatings CrN/NbN of
the second series (sample II-4): nitrogen N (a), chromium Cr (b), niobium Nb
(¢), energy dispersive spectrum (d).
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TABLE 3. Properties of pure metals (Cr and Nb), nitrides and individual ni-
tride coatings (CrN and NbN).

No ‘ Phase |Hu, kg/mm2| H,, GPa ‘Eu, kg/mmz‘ E,, GPa |Reference
Pure metals

1 Cr 142-250 1.4-2.5 24000 235.4 [28, 30]
2 Nb 87 0.87 16000 157 [28, 30]
Nitrides

3 Cr:N 1571+49 15.4+0.48 - 310 [29]
4 CrN 1093 £ 93 10.7+0.9 - 319.8 [29]
5 Nbe:N 1720+100 16.9+1 - - [29]
6 NbNo.75 1780 17,5 - - [29]
7 NbNoger 1525+136 15+1.3 - - [29]
8 NbN 1461 14.3 49300+ 2000 493+2 [29,31]
Vacuume-arc nitride coatings
9 CrN - 16-23 - 298+11 [32,33]
10 NbN - 22.7-38.2 - 343-437 [34]

When analysing the obtained microhardness values, the values related
to the droplet phase of vacuum-arc coatings with microhardness values
less than 2.5 GPa were excluded. These microhardness values corre-
spond to the maximum value of microhardness among pure metals
(cathodes), namely chromium (Table 3).

TABLE 4. Microhardness of vacuum-arc multilayer nitride coatings based on
chromium and niobium.

Series of| No. Coating Ho, H,., AH. GPa Hne, | RMSD,
coatings|sample|composition| GPa GPa ’ GPa GPa
I-1 CrN/NbN 22.274 24.922 2.648 23.716 1.044

I 1-2 CrN/NbN 16.607 24.996 8.389 22.31 2.552

I-3 CrN/NbN 16.972 19.914 2.942 18.766 0.896
II-1  CrN/NbN  15.76 31.717 15.957 22.481 4.338
II-2 CrN/NbN 10.402 17.176 6.774 14.531 2.958
II-3 CrN/NbN 18.884 31.916 13.032 24.055 3.472
II-4 CrN/NbN 23.076 29.579 6.503 25.188 1.994
III-1  CrN/NbN 21.889 25.562 3.673 23.435 1.389
III-2 CrN/NbN  15.33 34.994 19.664 23.723 7.16
III-3 CrN/NbN 23.059 28.019 4.96 25.045 2.062
II1-4 CrN/NbN 21.574 24.913 3.339 23.054 1.15

II

III
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The analysis of the average microhardness values of the obtained
vacuum-arc coatings CrN/NbN by series (I-III) depending on the tech-
nological deposition parameters (constant negative voltage on the sub-
strate Us and the pressure of the reactive gas (nitrogen) Py) are pre-
sented in the form of graphs, as can be seen in Figs. 7, 8. These graphs
show trends in changes in the microhardness of vacuum-arc coatings
depending on changes in technological parameters, but do not take into
account the heterogeneity of the structural-phase state of each vacu-
um-arc coating. This heterogeneity is characterized by the spread of
the microhardness values and the root mean square deviation (RMSD).
Thus, a larger value of RMSD indicates a greater spread of microhard-
ness values in the obtained data set, while a smaller value, respective-
ly, indicates that the obtained values are grouped around the average
value of microhardness.

Increasing the constant negative voltage on the substrate Us from
-70t0—-200 YV leads to:

— the reduction of the average microhardness value of vacuum-arc

28
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Fig. 7. Dependence graphs of the average microhardness value Hyeq of vacuum-
arc multilayer nitride coatings CrN/NbN to the constant negative voltage on the
substrate Us at constant values of the nitrogen pressure in the vacuum chamber
Px: series I (1—Px=0.27Pa, 2—Px=0.09 Pa) (a), series I (I —Px=0.27 Pa, 2—
Px=0.08 Pa) (b), series III (1 —Px=0.27 Pa, 2—Px=0.08 Pa) (c).
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Fig. 8. Dependence graphs of the average microhardness value Hyeq of vacu-
um-arc multilayer nitride coatings CrN/NDbN to the nitrogen pressure in the
vacuum chamber Py at constant negative voltage on the substrate Us: series I
(1—Us=-70V, 2—Us=-200V) (a), series Il (I —Us=-70V, 2—Us=-200V)
(), seriesIII (1—Us=-70V,2—Us=-200 V) (¢).

multilayer nitride coatings CrN/NbN of the first series by 3.5 GPa at
the pressure of the reaction gas (nitrogen) Px=0.09 Pa, as can be seen
in Fig. 7, a;

— an increase in the average microhardness value of the second series
of vacuum-arc multilayer nitride coatings CrN/NbN by 8 GPa at the
pressure of the reaction gas (nitrogen) Px=0.27 Pa and by 1 GPa at the
pressure of the reaction gas (nitrogen) Px=0.08 Pa, as shown in Fig. 7, b;

— the preservation of the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NbN of the third series at the pressure
of the reaction gas (nitrogen) Px=0.27 Pa and a decrease of 2 GPa at the
pressure of the reaction gas (nitrogen) Px=0.08 Pa, see Fig. 7, c.

An increase in the pressure of nitrogen in the vacuum chamber Py
from 0.08 to 0.27 Pa leads to:

— an increase in the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NbN of the first series by 1.4 GPa at a
constant negative voltage on the substrate Us=-70V, seein Fig. 8, a;

— the decrease in the average microhardness value of the second series
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of vacuum-arc multilayer nitride coatings CrN/NbN by 9.5 GPa at a con-
stant negative voltage on the substrate Us=—70V and by 2.7GPa at a
constant negative voltage on the substrate Us=-200V, as shown in Fig.
8, b;

— the decrease in the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NDbN of the third series by 1.3 GPa at
a constant negative voltage on the substrate Us=-70V and preserva-
tion of the value at a constant negative voltage on the substrate
Us=-200V, as can be seen in Fig. 8, c.

For the vacuum-arc multilayer nitride coatings CrN/NbN of the
third series with the largest total number of layers (270 layers) and the
smallest bilayer period (s, =67 nm), the preservation of the average
microhardness value is observed when the nitrogen pressure in the
vacuum chamber changes (at a constant negative voltage on the sub-
strate Us=-200 V) at the level of 23.05 GPa (sample I1I-4)—23.43 GPa
(sample III-1) and when the negative voltage on the substrate changes
(at constant pressure of the reaction gas (nitrogen) Px=0.27 Pa) at the
level 23.72 GPa (sample I11-2)—23.43 GPa (sample ITI-1).

A change in voltage on the substrate at a constant nitrogen pressure
leads to a change in the temperature conditions for deposition of vacu-
um-arc coatings due to a change in the energy of metal ions bombard-
ing the substrate. In turn, an increase in the pressure of the reaction
gas (nitrogen) in the vacuum chamber at a constant voltage on the sub-
strate leads to an increase in the dispersion of the droplet phase of the
plasma metal flow and can affect the energy of metal ions and thereby
also regulate the temperature conditions of coating deposition. Thus,
most likely, during the deposition of vacuum-arc coatings on samples
III-1, III-2 and III-4, the same temperature conditions were created
with different technological parameters, which affected the processes
of the formation of nuclei centres and the directionality of the chemi-
cal reaction during film formation.

The dependence of the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NbN on the number of layers N is pre-
sented in Fig. 9. For vacuum-arc coatings of the first series (constant
rotation of the substrate-holder), based on the technological conditions
of coating deposition (deposition time is 1.5 hours, the rotation speed
of the substrate-holder is 5 s, the thickness of the coating is 3.6 um),
the approximate calculated values of the number of layers and the bi-
layer period were 1080 layers (revolutions of the substrate-holder) and
6.7 nm, respectively.

An increase in the number of layers from 68 to 270 leads to an in-
crease in the average microhardness value H.q by 4—-39% at various
technological deposition parameters of vacuum-arc multilayer nitride
coatings CrN/NbN, except for the mode at Us=-200V, Py=0.08—-
0.09 Pa, when H..q decreases by 8.5% . These changes are associated
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Fig. 9. Dependence graphs of the average microhardness value Heq of vacu-
um-arc multilayer nitride coatings CrN/NbN on the number of layers N at
various technological parameters: 1—Us=-200V, Px=0.27Pa, 2—
Us=-200V, Px=0.08-0.09 Pa, 3—Us=-70V, Px=0.27Pa, 4—Us=-70V,
Py=0.08-0.09 Pa.

with an increase in the number of interphase boundaries, which affect
the processes of deformation of individual layers and diffusion between
them. This leads to increased crack propagation resistance and elastic
properties of vacuum-arc multilayer nitride coatings. The nature of the
boundaries between CrN and NbN layers also affects the physical and
mechanical properties of the coatings. Thus, vacuum-arc multilayer ni-
tride coatings with a transition layer Cr—Nb—N (series I) between layers
CrN and NbN have average microhardness values by 11-19% lower
than coatings with clear transition boundaries CrN/NDbN (series III).

The maximum of the average microhardness value Hyea=25.188
GPa of vacuum-arc multilayer nitride coatings CrN/NbN was obtained
at a constant negative voltage on the substrate Us=-200V, the pres-
sure of the reaction gas (nitrogen) in the vacuum chamber Px=0.08 Pa
and the total amount layers N = 68 with a bilayer period A, =230 nm. It
should be noted that the maximum of the absolute value of the micro-
hardness Hn.x = 34.994 GPa, as can be seen in Table 4, among the stud-
ied vacuume-arc coatings CrN/NbN has the coating sample III-2, which
consists of 270 layers with a bilayer period A, =67 nm, but at the same
time it has the maximum spread of the microhardness values RMSD
=17.16 GPa.

3.2.2. The Root Mean Square Deviation of Microhardness of Vacuum-
Arc Multilayer Nitride Coatings CrN/NbN

As it was noted earlier, the average microhardness value of vacuum-
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arc multilayer nitride coating does not reflect the heterogeneity of the
structural phase state of the coating, but only summarizes the proper-
ties. To evaluate this heterogeneity, we can use the spread of the ob-
tained microhardness values of the coatings and RMSD. The analysis
of these values can help to establish a connection between the techno-
logical deposition parameters of vacuum-arc multilayer nitride coat-
ings CrN/NbN and the processes of formation of the structural phase
state. Figures 10 and 11 show the influence of the technological condi-
tions of coating deposition on the spread of microhardness values of
vacuum-arc multilayer nitride coatings CrN/NbN.

An increase in the constant negative voltage on the substrate from
—70V to—-200V at a constant pressure of the reaction gas (nitrogen) in
the vacuum chamber leads to a decrease in the spread of microhardness
values of vacuum-arc multilayer nitride coatings CrN/NDbN of all three
series, respectively, this indicates that, that the obtained values clus-
ter around the average value of microhardness. Thus, when the voltage
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Fig. 10. Dependence graphs of the root mean square deviation RMSD of mi-
crohardness of vacuum-arc multilayer nitride coatings CrN/NbN to the con-
stant negative voltage on the substrate Us at constant values of the nitrogen
pressure in the vacuum chamber PN: series I (I—Px=0.27Pa, 2—
Px=0.09 Pa) (a), series II (I—Px=0.27Pa, 2—Pnx=0.08 Pa) (b), series III
(I—Px=0.27Pa, 2—Px=0.08 Pa) (¢).
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Fig. 11. Dependence graphs of the root mean square deviation RMSD of mi-
crohardness of vacuum-arc multilayer nitride coatings CrN/NDbN to the ni-
trogen pressure in the vacuum chamber Py at constant negative voltage on the
substrate Us: series I (I—Us=-70V, 2—Us=-200V) (a), series II (I—
Us=-T70V,2—Us=-200V) (b), series II1 (1 —Us=-T0V, 2—Us=-200 V) (¢).

on the substrate is increased, vacuum-arc multilayer nitride coatings
with a more uniform structure are formed.

An increase in the pressure of the reaction gas (nitrogen) in the vac-
uum chamber from 0.09 Pa to 0.27 Pa with constant voltage on the
substrate leads to a decrease in the spread of microhardness values of
vacuum-arc multilayer nitride coatings CrN/NbN of the first series
(with constant rotation of the substrate holder) and an increase in the
spread of microhardness values of vacuum-arc multilayer nitride coat-
ings of CrN/NDbN of the second and third series.

The microhardness of the vacuume-arc nitride coating is determined
mainly by the bonding forces between the metal and non-metal atoms.
The properties related to the dynamics of the crystal lattice (root mean
square amplitudes of thermal oscillations of the lattice structural
complexes, melting temperature, elastic constants) are more influ-
enced by the connection between the metal atoms themselves. Thus, an
increase in the content of nitrogen atoms in Cr.N, and Nb.,N, com-
pounds leads to a decrease in microhardness (Table 3). An increase in
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microhardness occurs when the interatomic bond between metal atoms
is strengthened, namely during the shear modulus decreases and shear
deformations of the metal are difficult.

3.3. Elasticity Characteristics of Vacuum-Arc Multilayer Nitride
Coatings CrN/NbN

Table 5 presents the average values of the elasticity modulus (elasticity
contact modulus E;, Young’s modulus E) of vacuum-arc multilayer ni-
tride coatings CrN/NDbN, the Huei/E: ratio, which characterizes the
structural state of the vacuum-arc coating and the property of the ma-
terial to resist mechanical impact, and the H’ , /E? ratio, which
characterizes the material’s resistance to plastic deformation [14].

Figure 12 demonstrates the dependence of the properties of vacuum-
arc multilayer nitride coatings CrN/NbN on the number of layers,
which was presented in Table 5.

The ratio of the average values microhardness to the contact modu-
lus of elasticity Humed/E: of the obtained vacuum-arc multilayer nitride
coatings CrN/NbN lies in the range from 0.05 to 0.071, which corre-
sponds to the nanostructural state of the coatings.

An analysis of the dependencies of elasticity contact modulus E, on
the technological deposition conditions of vacuum-arc multilayer ni-
tride coatings CrN/NDbN, as can be seen in Fig. 12, a, showed that when
the number of layers in the coating increases from 68 to 270, the elas-
ticity contact modulus E, decreases by 6—8% when constant negative

TABLE 5. Physical mechanical characteristics of vacuum-arc multilayer ni-
tride coatings based on chromium and niobium.

Series of| No Coating H eq,
coatings|sample|composition| GPa

I-1 CrN/NbN 23.716 300.45 372.95 0.064 0.148
I I-2 CrN/NbN  22.31 291.52 356.92 0.063 0.131
I-3 CrN/NbN 18.766 250.22 291.36 0.064 0.106
II-1  CrN/NbN 22.481 317.96 403.72 0.056 0.112
II-2 CrN/NbN 14.531 250.52 293.44 0.05 0.049

E.,GPa| E,GPa | Hue/E: |H? , | E?

= II-3 CrN/NbN 24.055 279 336.88 0.071 0.179
II-4 CrN/NbN 25.188 312.32 393.29 0.064 0.164
III-1  CrN/NbN 23.435 299.55 369.31 0.063 0.143
I III-2  CrN/NbN 23.723 335.33 439.54 0.054 0.119

III-3 CrN/NbN 25.045 302.14 373.71 0.067 0.172
III-4 CrN/NbN 23.054 286.13 347.15 0.066 0.15
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Fig. 12. Dependence graphs of the elasticity modulus E. (a), ratio Hwme/E: (b),
ratio H? , / E? (c) on the number of layers N at various technological parame-
ters: 1—Us=-200V, Px=0.27Pa, 2—Us=-200V, Px=0.08-0.09 Pa, 3—
Us=-70V,Px=0.27Pa,4—Us=-70V, Px=0.08-0.09 Pa.

voltage on the substrate Us=—-200V and increases by 8—-25% at a volt-
age Us=-T7T0V and at different pressures of the reaction gas (nitrogen)
Px=0.08-0.27 Pa. This may be due to a reduction in the energy of the
ions bombarding the substrate and affecting the coating formation
mechanisms. That is, the influence of the radiation factor on the prop-
erties of vacuum-arc coatings decreases.

The elasticity contact modulus E, decreases by 3.5-12.5% at all in-
vestigated technological parameters of coating deposition for vacuum-
arc multilayer nitride coatings with a transition layer of Cr—Nb—N be-
tween CrN and NbN layers. Thus, in the case of obtaining vacuum-arc
multilayer nitride coatings of the first series with a total number of
layers 1080 (with constant rotation of the substrate holder), the
change tendency in the physical and mechanical properties Heq and E,
of the coatings is predominantly influenced by the nature of the
boundaries formed between the layers CrN and NbN.

The maximum value of the elasticity contact modulus
E.=335.33 GPa of the vacuum-arc coating CrN/NbN was obtained at a
constant negative voltage on the substrate Us=-70V, the pressure of
the reaction gas (nitrogen) in the vacuum chamber Px=0.27 Pa and the
total amount of layers N = 270 with a bilayer period 4, =67 nm.

Analysis of Heq/E, ratio values with different number of N layers in
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the vacuum-arc multilayer nitride coating CrN/NDbN, as can be seen in
Fig. 12, b, demonstrated that the greatest influence of technological pa-
rameters of coating deposition is observed with the minimum number of
layers (INV = 68) with a bilayer period A,= 230 nm. Thus, vacuum-arc coat-
ings CrN/NDbN of the series IT with the same number of layers N = 68, but
obtained under different technological deposition conditions, have more
noticeable differences in the properties of the coatings than with other
numbers of layers. Moreover, the vacuum-arc coatings CrN/NbN of the
series I, which were obtained during constant rotation of the substrate
holder and did not have clear boundaries between CrN and NbN layers,
turned out to be the most structurally close to each other. This indicates
that the reduction of the thickness of individual layers CrN (Zcn), NbN
(hxoy) and the bilayer period Ay, from 230 to 6.7 nm significantly affects
the dependence of the properties of vacuum-arc multilayer nitride coat-
ings CrN/NDbN on the technological parameters of coating deposition.

The maximum value of the ratio Hpuea/E:=0.071 was achieved by vac-
uum-arc multilayer nitride coatings CrN/NbN, which were obtained at a
constant negative voltage on the substrate Us=-70V, the pressure of
the reaction gas (nitrogen) in the vacuum chamber Py=0.08 Pa and the
total number of layers N = 68 with a bilayer period A, =230 nm.

4. CONCLUSION

Investigation of vacuum-arc multilayer nitride coatings CrN/NbN,
which were obtained under different technological parameters of depo-
sition (constant negative voltage on the substrate Us is from —70 to
—200V, pressure of the reaction gas (nitrogen) in the vacuum chamber
Py is from 0.08 to 0.27 Pa, the total number of layers N (68, 270,
1080), the bilayer period Ay is from 6.7 to 230 nm) made it possible to
expand the understanding of the technological deposition parameters
influence on the physical and mechanical properties of the obtained
vacuum-arc coatings. The obtained research results can be summarized
in the form of the following conclusions.

1. The use of different technological modes made it possible to obtain
three series of vacuum-arc multilayer nitride coatings with different
thicknesses of individual CrN and NbN layers and bilayer period (CrN—
NbN), number of layers (68 and 270 layers) and nature of the interface
between the layers (clear boundary or transition layer).

2. Cross-sections analysis of vacuum-arc multilayer nitride coatings
CrN/NDbN of three series with different number of layers and bilayer
period showed that the total thickness of coatings was 3.6 pm for vac-
uum-arc coatings of the first series, which were obtained by continu-
ous rotation of the substrate holder, and about 8 and 9 ym for vacuum-
arc coatings of the second and third series, respectively.

3. Elemental analysis using characteristic x-ray radiation showed that
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the obtained coatings of series II and III have high planarity of layers
and practically no droplet phase in the volume of multilayer vacuum-
arc nitride coating CrN/NbN.

4. For vacuum-arc multilayer nitride coatings CrN/NDbN of the third
series with the largest total number of layers (270 layers) and the
smallest bilayer period (f,=67 nm), the preservation of the average
value of microhardness is observed when the nitrogen pressure in the
vacuum chamber changes (at a constant negative voltage on the sub-
strate Us=-200 V) at the level 23.054 GPa (sample I11-4)—23.435 GPa
(sample III-1) and when the negative voltage on the substrate changes
(at a constant pressure of the reaction gas (nitrogen) Px=0.27 Pa) at
the level 23.723 GPa (sample I11-2)—23.435 GPa (sample ITI-1).

5. An increase in the number of layers from 68 to 270 leads to an in-
crease in the average value of microhardness Hy.q by 4-39% at various
technological deposition parameters of vacuum-arc multilayer nitride
coatings, except for the mode at Us=—-200V, Px=0.08-0.09 Pa, when
H ,.qa decreases by 8.5% . These changes are associated with an increase
in the number of interphase boundaries, which affect the processes of
deformation of individual layers and diffusion between them. This
leads to increased crack propagation resistance and elastic properties
of vacuum-arc multilayer nitride coatings.

6. The maximum of the average microhardness value Hyeqa=25.188
GPa of vacuum-arc multilayer nitride coatings CrN/NbN was obtained
at a constant negative voltage on the substrate Us=-200V, the pres-
sure of the reaction gas (nitrogen) in the vacuum chamber Px=0.08 Pa
and the total number of layers N = 68 with a bilayer period A, =230 nm.
7.An increase in the constant negative voltage on the substrate from
—70V to -200V at a constant pressure of the reaction gas (nitrogen) in
the vacuum chamber leads to a decrease in the spread of microhardness
values of vacuum-arc multilayer nitride coatings CrN/NDbN of all three
series, respectively, this indicates on the fact that the obtained values
cluster around the average value of microhardness.

8. During increasing the number of layers in the coating from 68 to
270, the elasticity contact modulus E, decreases by 6—8% at a constant
negative voltage on the substrate Us=-200V and increases by 8-25%
at a voltage Us=-70V at various pressures of the reaction gas (nitro-
gen) Py=0.08-0.27 Pa.

9. The maximum value of the elasticity contact modulus
E,=335.33 GPa of the vacuum-arc coating CrN/NbN was obtained at a
constant negative voltage on the substrate Us=-70V, the pressure of
the reaction gas (nitrogen) in the vacuum chamber Py =0.27 Pa and the
total number of layers N = 270 with a bilayer period A, =67 nm.

10. The maximum value of the ratio Hme/E:=0.071 was achieved for
vacuum-arc multilayer nitride coatings CrN/NbN, which were ob-
tained at a constant negative voltage on the substrate Us=-70V, the
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pressure of the reaction gas (nitrogen) in the vacuum chamber
Py =0.08 Pa and the total number of layers N = 68 with a bilayer period

hy,=230 nm.

REFERENCES

1. 0. V. Sobol’, A. A. Andreev, V. F. Gorban’, N. A. Krapivka, V. A. Stolbovoi,
I. V. Serdyuk, and V. E. Fil’chikov, Tech. Phys. Lett., 38, No. 7: 616 (2012).

2. V. F. Gorban’, R. A. Shaginyan, N. A. Krapivka, S. A. Firstov, N. I. Danilenko,
and I. V. Serdyuk, Powder Metall. Met. Ceram., 54, Nos. 11-12: 725 (2016).

3. M. El Garah, L. Patout, A. Boussil, A. Charai, and F. Sanchette, Coatings, 13,
No. 8: 1380 (2023).

4. 0. V. Sobol’, V. M. Beresnev, I. V. Serdyuk, A. D. Pogrebnyak, D. A. Kolesni-
kov, U. S. Nemchenko, and S. N. Grigoriev, J. Friction and Wear, 35, No. 5:
359 (2014).

5. V. F. Horban, I. V. Serdiuk, O. M. Chuhai, O. O. Voloshin, S. V. Oliinyk,
H. H. Veselivska, M. I. Danylenko, D. V. Sliusar, V. A. Stolbovyi, and
0. S. Kalahan, Mat. Sci., 57, No. 3: 428 (2021).

6. 0. V. Sobol’, A. A. Andreev, V. F. Gorban, A. A. Meylekhov, A. A. Postelnyk,
and V. A. Stolbovoy, J. Nano- Electron. Phys., 8, No. 1: 01042 (2016).

7. V. O. Stolboviy, J. Nano- Electron. Phys., 9, No. 5: 05038 (2016).

8. 0. V. Sobol’, A. A. Postelnyk, A. A. Meylekhov, A. A. Andreev,
V. A. Stolbovoy, and V. F. Gorban, J. Nano- Electron. Phys., 9, No. 3: 03003
(2017).

9. A. Gilewiczn and B. Warcholinski, Tribology Int., 80: 34 (2014).

10. J. J.Roa, E. Jiménez-Piqué, R. Martinez, G. Ramirez, J. M. Tarrago,
R. Rodriguez, and L. Llanes, Thin Solid Films, 571: 308 (2014).

11. R.A.Koshy, M. E. Graham, and L. D. Marks, Surf. Coat. Technol., 202: 1123
(2007).

12. H.C. Barshilia, A. Jain, and K. S. Rajam, Vacuum, 72, No. 3: 241 (2004).

13. Z.Zhang, Z. Chen, D. Holec, C. H. Liebscher, N. Koutna, M. Bartosik,
Y. Zheng, G. Dehm, and P. H. Mayrhofer, Acta Mater., 194: 343 (2020).

14. R. Mundotia, T. Ghorude, D. C. Kothari, A. Kale, and N. Thorat, Appl. Surf.
Sci. Adv., 7: 100205 (2022).

15. M. Nordin, M. Larsson, and S. Hogmark, Wear, 232, No. 2: 221 (1999).

16. LiDedun, Zang JingJding, and Wang MingXia, Sci. China Series E: Technol.
Sci., 50: 206 (2007).

17. Keng-Liang Ou, Microelect. Eng., 83, No. 2: 312 (2006).

18. P. Lazar, J. Redinger, and R. Podloucky, Phys. Rev. B, 76: 174112 (2007).

19. H. O. Postelnyk, O. V. Sobol’, V. A. Stolbovoy, I. V. Serdiuk, and
0. Chocholaty, PAST, 2: 139 (2020).

20. H.Wang, H. Zeng, Q. Li, and J. Shen, Thin Solid Films, 607: 59¢66 (2016).

21. J. Lin, J. J. Moore, B. Mishra, M. Pinkas, X. Zhang, and W. D. Sproul, Thin
Solid Films, 517: 5798e5804 (2009).

22. N. Koutna, D. Holec, M. Friak, P. H. Mayrhofer, and M. Sob, Mater. Des., 144:
310e322(2018).

23.  J.Buchinger, N. Koutna, Z. Chen, Z. Zhang, P. H. Mayrhofer, D. Holec, and

M. Bartosik, Acta Mater., 172: 18 (2019).


https://doi.org/10.1134/S1063785012070127
https://doi.org/10.1007/s11106-016-9767-2
https://doi.org/10.3390/coatings13081380
https://doi.org/10.3390/coatings13081380
https://doi.org/10.3103/S1068366614050067
https://doi.org/10.3103/S1068366614050067
https://doi.org/10.1007/s11003-021-00557-8
https://doi.org/10.21272/jnep.8(1).01042
https://doi.org/10.21272/jnep.9(5).05038
https://doi.org/10.21272/jnep.9(3).03003
https://doi.org/10.21272/jnep.9(3).03003
https://doi.org/10.1016/j.triboint.2014.06.012
https://doi.org/10.1016/j.tsf.2014.04.018
https://doi.org/10.1016/j.surfcoat.2007.07.090
https://doi.org/10.1016/j.surfcoat.2007.07.090
https://doi.org/10.1016/j.vacuum.2003.08.003
https://doi.org/10.1016/j.actamat.2020.04.024
https://doi.org/10.1016/j.apsadv.2021.100205
https://doi.org/10.1016/j.apsadv.2021.100205
https://doi.org/10.1016/S0043-1648(99)00149-0
https://doi.org/10.1007/s11431-007-0023-3
https://doi.org/10.1007/s11431-007-0023-3
https://doi.org/10.1016/j.mee.2005.09.008
https://doi.org/10.1103/PhysRevB.76.174112
https://doi.org/10.46813/2020-126-139
https://doi.org/10.1016/J.TSF.2016.03.061
https://doi.org/10.1016/J.TSF.2009.02.136
https://doi.org/10.1016/J.TSF.2009.02.136
https://doi.org/10.1016/j.matdes.2018.02.033
https://doi.org/10.1016/j.matdes.2018.02.033
https://doi.org/10.1016/j.actamat.2019.04.028

46 I. V. SERDIUK, S. I. PETRUSHENKO, V. O. STOLBOVYI, and M. FIJALKOWSKI

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

0. V. Sobol’, A. A. Andreev, V. A. Stolbovoy, N. V. Pinchuk, and

A. A. Meylekhov, J. Nano- Electron. Phys., 7, No. 1: 01026 (2015).

S. A. Barnett, A. Madan, I. Kom, and K. Martin, MRS Bull., 28: 169 (2003).
V. P. Rudenko, V. O. Stolbovoy, I. V. Serdiuk, and K. G. Kartmazov, East.-Eur.
J. Enterp. Tech., 48, No. 6/1: 66 (2010).

A. A. Andreev, L. P. Sablev, and S. N. Grigoriev, Vakuumno-Dugovyye
Pokrytiya [Vacuum Arc Coatings] (Kharkov: 2010) (in Russian).

Svoistva Ehlementov. Fizicheskie Svoistva [Element Properties. Physical Prop-
erties] (Ed. G. V. Samsonov) (Moskva: Metallurgy: 1976) (in Russian).

G. V. Samsonov and I. M. Vinitskiy, Tugoplavkie Soedineniya [Refractory
Compounds] (Moskva: Metallurgy: 1976) (in Russian).

G. V. Samsonov and A. P. Epik, Tugoplavkie Pokrytiya [Refractory Coatings]
(Moskva: Metallurgy: 1973) (in Russian).

G. V. Samsonov, Nitridy [Nitrides] (Kievv: Naukova Dumka: 1973)

(in Russian).

A. G. Guglya and I. M. Neklyudov, Usp. Fiz. Met., 6, No. 3: 197 (2005).

B. Warcholinski, A. Gilewicz, A. S. Kuprin, G. N. Tolmachova,

V. D. Ovcharenko, T. A. Kuznetsova, V. A. Lapitskaya, and S. A. Chizhik,

J. Friction Wear, 40, No. 2: 163 (2019).

J. dJ.Olaya, L. Huerta, S. E. Rodil, and R. Escamilla, Thin Solid Films, 516:
8768 (2008).


https://doi.org/10.1557/mrs2003.57
https://doi.org/10.15407/ufm.06.03.197
https://doi.org/10.3103/S1068366619020156
https://doi.org/10.1016/j.tsf.2008.06.065
https://doi.org/10.1016/j.tsf.2008.06.065

Metallophysics and Advanced Technologies © 2024 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2024, vol. 46, No. 1, pp. 47-59 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.46.01.0047 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 61.72.Mm, 62.20.fk, 62.20.Qp, 81.40.Cd, 81.40.Ef, 81.70.Bt, 83.50.Uv

Bnine Temneparypu aycTeHiTH3aIIil 3 BpaXyBaHHAM PO3Mipy
3epHa Ha PiBeHb periiaMeHTOBAHUX MeXaHiYHUX BJIACTUBOCTEN
KOHCTPYKI[iTHUX JIeTOBAHUX KPUILb

B. I0. Onpmrarensinii, I. M. Kyaunera®, I0. I. KoHoHEHKO,
A. A. Ckpeb11i0B

Hauyionaavruil ynigepcumem «3anopisvka noiimexnika»,
sy.z. yKroecvrozo, 64,
6906 3 3anopixcaucs, Ykpaina
T «YepHIcneuycmanwvy,
sya. I[lampiomuuna, 74-A,
69005 3anopixcaucs, Yikpaina

Hna xoHcTpyKIitiHOI TepMotmoJinmyBanoi kpuiti 40XH2MA-III mokasawo,
IO perJaMeHTOBaHi MeXaHiuHi BJIACTHUBOCTI MaTepifAay HOCATaIOTHLCSI 34 TeM-
mepatypu aycreuiTusaiii y 850°C B mporieci HarpiBy mig rapTyBaHHSA 3a paxy-
HOK (DOPMYBaHHS MiKPOCTPYKTYPH 3 BEJIMYNHOIO BUXiJHOTO ayCTEHiITHOTO 3€-
pHa HOMep 8—9. BeraHoBI€HO, 1110 36PHO 3 HOMEPOM 5 0JIeP:KYEThCA Uepes Ha-
rpiBaHHsA BUIIE CTAHZAPTHUX TeMIIepaTyp rapTyBaHHS Ta He 3a6e3euye HeoO-
xigui mexaniuni Bractusocti Kpuii 40XH2MA-III. Oxgep:xani gaui goope Ko-
PeooTh i3 BijoMUMU pes3yJabTaTaMu JOCHioKeHb 1miei kpuili. HaBemeHny B Te-
XHIYHUX YMOBaxX BHUMOTY «BeJWYMHA ayCTEHiITHOTO 3epHA IMOBUHHA OyTU HE
KpyIHillle HOMepa 5» IPU3HAYeHO JJid MaTepiaay 3aroroBku. Ils Hopma Mae
He OyTH BUKOPHUCTAHOIO IJIA KOHCTPYKI[IHHUX KPUIlh MMicJIs KiHIIeBOTO TepPMO-
00pobeHHs. 3 ypaxXyBaHHAM IILOTO IIPOIOHYETHCA 3JaBAJIbHUI KOHTPOJb Je-
TaniB, BurotoBieHux i3 Kpuii 40XH2MA-III Ta iHMIUX KOHCTPYKIIIHHUX
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KPHUIlhb, BUKOHYBAaTH 3 JOTPUMAaHHAM BUMOT TeXHIUHHX YMOB, a caMe, BUIIPO-
6oByBaTH MeXaHiuHi BJJaCTUBOCTI.

KarouoBi ciioBa: KOHCTPYKI[ifiHa JeroBaHa KPUIHA, CEPEIHbOBYTIJIEIIeBA BUCO-
KOsAKiCHA KpUILd, TePMOIIOJIIINIeHHs, BiIIOoBigaabHi geTasi, moBiTpAHI JiTa-
JbHi anlapaTu, TeXHiUHi YyMOBHU, ayCTEHITHE 3€pHO, MeXaHiUHi BJIACTUBOCTI.

As shown for structural improvable steel 40XH2MA-III, the regulated me-
chanical properties of the material are achieved at an austenitization temper-
ature of 850°C in the process of heating for quenching due to the formation of
a microstructure with the magnitude of the initial austenitic grain with
number 8-9. As found, the grain with number 5 obtained by heating above
standard quenching temperatures does not provide the necessary mechanical
properties of 40XH2MA-III steel. The obtained data correlate well with the
known results of studies of this steel. The requirement given in the technical
specifications, namely, ‘the size of the austenitic grain should be no larger
than number 5’ is intended for the material of the workpiece. This standard
cannot be used for structural steels after final heat treatment. With this in
mind, it is proposed to carry out the inspection of parts made of 40XH2MA -
III steel and other structural steels in compliance with the requirements of
technical specifications, namely, to test mechanical properties.

Key words: structural alloyed steel, medium-carbon high-quality steel, ther-
mal improvement, responsible parts, aircrafts, specifications, austenitic
grain, mechanical properties.

(Ompumano 27 eepecnsa 2023 p.; ocmamoun. sapisnm — 1 aucmonada 2023 p.)

1. BCTYII

B cyuacumx ymMoBax MidKHApOIHUX BiJHOCHH OCOOJMBOTO 3HAUEHHS Ha-
OyBae 3a0e3meueHHA 000POHO3AaTHOCTI KpaiHu, HaAiMHOCTI eKcIIyaTa-
il geTasiB B MPiOPUTETHUX Ta CTPATETIUHUX rajy3dX IIPOMUCJIOBOCTI,
TaKUX AK aTOMHA eHepPreTHuKa, aBiallis, TpaHCIOPT, BUPOOHUIITBO MOBi-
TPAHMUX i KOCMIYHMX JiTaJIbHIUX allapaTiB.

OcTaHHIMU pOKaMM Ha IIi IITPUEMCTBAX, 1[0 BUTOTOBJISIOTEH MMOBiTPAHL
JiTaJbHi Ta KOCMiUHI amapaTi, OCBOEHO BUPOOHUIITBO TeJIiKOITEPiB Ta
BiZIOBiZaMIbHUX OeTaJIiB rejikomnTepHoi TexHikm. Taxi meraai BupoO-
JAAI0ThcA y Tomy umeai 3i kpumi 40XH2MA-II, srigHo 3 TexXHiUHUMUT
yMOBaMM, AKHX PO3P0O0JIEHO 3 BUKOPUCTAHHSIM OCHOBHUX ITOJIOKEHb,
BUKJIAQJAEHUX Y BiJOMMX TEeXHIYHMX yMOBaX Ha 3aroToBKHu (IIOKOBKU,
IpyTKU rapsadenedOpMoOBaHi) i3 KOHCTPYKIIMHMX BHCOKOAKICHUX
Kpunb, Hanpukiaam, TY 1-92-156-90, TV 1-801-1046-2020, TY 14-1-
2765-79. ¥V crani mocTtaBjeHHA B 3arOTOBIIi IIepeBipsaeTbCA TBEPAICTD i
BesimunHa 3epHa. HopMu 10 BeJimUmH 3epHa B MaTePisaii 3aroTOBOK Je-
TajgiB, AK IIPABUJIO, PO3POOJIEHO ILIAXOM BUKOPUCTAHHSA aHAJOTIYHUX
HOPM 3 Bulrie3adHaueHuX TY Ha OPYyTKHU, IIOKOBKH, a caMe: «BeJIMUYMHA
3epHa MoBUHHA OyTH He KpynHiie momepa b mkax 1, 2 'OCT 5639-82».
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IIpuiimanusa geTasdiB 3[iliICHIOETLCS 3a Pe3yJIbTaTaMU BUIPOOYBaHb Me-
XaHIYHUX BJIaCTUBOCTE!, TBEPAOCTU MAaTEPidAIy.

B Toii ke yac, OKpeMuMHU JOCHiIJHNKAMY aKTUBHO IIPOIIOHYETHCS BU-
KOHYBaT! KOHTPOJIb BeJIMUYUHM 3€pHA B MaTepidAi feraniB miciada KiHIe-
BOT'O TEPMIiUHOTO OOPOOJEeHHA 3 BUKOPUCTAHHAM BHUMOT, IPHU3HAUEHUX
IJISI MaTepisiry 3aroroBku. IIpu nmbomy, He HABOAATHLCA KOHCTPYKTUBHI
apryMeHTH Ta TI'PaMOTHi ITOACHEHHSA HeoOXiTHOCTI TaKoro KOHTPOJIIO,
OKpiM TOro, 110 BiiIOBiTaabHi AeTaJIi IepIol IpyIIi KOHTPOJII0 MOBUHHI
OiggsaraTy OigBUINEeHOMY KOHTpPOJIOBaHHIO. Ha mammii uwac He Bimomi
BUIIaIKU OI[iHIOBaHHS 3epHA IIPU 3/IaBaJIbHOMY KOHTDPOJIOBaHHI JleTaiB
i3 KOHCTPYKIiAHMX KPHUIlb, JaHe NMUTAHHSA B JiTepaTypHUX IKepesaax
He posriaamacTbesa. ToMy, BBaXKaeMoO, BUCBiTJIeHA IIpobJieMa IIOTpedye
ITeTaJIbHOIO JOCJIiIKeHHd.

Ha ocHOBIi KylacnuyHUX yABJIEeHb MeTaJ03HAaBCTBA IIPO Te, 10 MeXaHi-
YHi Ta eKcIIyaTalliliHi BJIaCTMBOCTI MeTasiB BU3HAUAIOTHCA BHYTPIII-
HBOIO OyZI0BOIO, CTPYKTYPOIO MATEPiAay, B JaHili poOOTi OCHOBHY yBary
OPUAIJIAIN YTOUHEHHIO BILJINBY PO3Mipy 3epHa B 3aJIe3KHOCTI BijJ] TeMIIe-
parypu aycTeHiTmaamili Ha piBeHL perjJaMeHTOBAHMX HOPMATHUBHO-
TeXHIiUYHOI0 MOKYMEHTAI[I€I0 MeXaHiuHWX BJIACTUBOCTEHl TEepPMOIIOJIIII-
mryBauoi Kpui 40X H2MA-III.

2. AHAJII3 JOCJIIKEHD TA IIYBJIIK AT

Jo crenignpHUX KPUIh Ta CTOIIIB BUCYBAIOTHCA KOPCTKO HOPMOBAaHIi
BUMOTHY, AKi ITOBMHHI 3a0e3IIeuyBaTy TeXHOJOTIUHI Ta CHeIiaJabHi BiIac-
TUBOCTi IPpU KiMHaTHIH, MiABUIIIEHNX Ta MOHMKEHUX TeMIlepaTypax, B
yMOBaX BHCOKOTO THCKY, VIapHUX, 3MiHHUX HaBaHTa’KeHb, B eKCTpe-
MaJIbHUX YMOBaX, HAIPUKJIAA, IPU BUHUKHEHHI TpimuHU. AKTyab-
HUM 3aBJaHHAM Cy4acHOT'O METAJIO3HABCTBA € OJIePsKaHHA IIiIBUIIIEHOT0
KOMILIEKCY (PiBMKO-MeXaHIUHNX BJACTHUBOCTEH CIIEI[isIIbHUX KPUILh Ta
cromiB i Bupo6iB 3 HUX [1, 2].

EdexTuBHNM c1ocOOOM OJHOUYACHOTO IiABUINEHHS MiITHOCTH TA 3HU-
JKeHHA KPUTHUYHOI TeMIlepaTypu KPUXKOCTH KOHCTPYKIIIMHUX KPUIh
BBa’KaIOTh 3MEHIIIeHH PO3MipiB ayCcTeHITHOrO 3epHa i, BiAmoBigHO, Ma-
PTEHCUTHUX KPUCTAIiB (HaKeTiB) ab0 iHINIMX IIPOAYKTIB II€PETBOPEHHS
aycrerity [3—11]. B cBoio uepry, poamip 3epHa MOKe PeryJioBaTHCS
XeMiuYHM CKJIAZOM KPHI[i, pesKuMoM medopmallii, TepMiuHIM 00pPOO6-
JEeHHSM, TaK0K B IIpoIleci cyMimieHoro medopmMalliiino-TepMiuHOTro 00-
pobaenusa[4—12].

B pob6orax B. [I. CagoBcbKoro Ta inmmux mocaimaukis [13, 14] moka-
3aHO, ITI0 PEer'yJII0BaHHS PO3Mipy Ta CyOCTPYKTYPH ayCTEeHITHOTO 3epHA B
KOHCTPYKIIIHHUX KPUIAX MOXKJIUBE 3a PAaXYHOK e(DEKTY IepeKpucTai-
3aIrii B mporieci aycremiTusaiiii, Aka Biz0yBaeThca y OBi cTamii: 6esmoce-
penHbBO (hasoBe o — y-IIepeTBOPEeHHS IPU HarpiBaHHI i mepexozi uepes
KpuTHUHi TOUKU Aci—Acs Ta HacTyIIHa PeKpPUCTaAJIisaIlisa B aycTeHiTHi#
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o0JiacTi, AKi IPU3BOAATEL M0 MOAPiOHeHHA 3epHA. IIpu IIbOMY MOMKJIM-
BUM € BUIIPABJIEHHA KPYIHO3EPHUCTOI CTPYKTYPH BHACIIOK 3aMiHm!
KPYIHOTO 3epHa APiOHIM 3epPHOM.

IToTpibHUI po3Mip 3epHAa HTpu TepMidYHOMY OOpPOOJIEHHI MOCATAETHCS,
K IpaBUJO, 38 PaXyHOK IIPU3HAUEHH BiITIOBIAHUX TeMIepaTyp HarpiBy
Oig rapTyBaHHA, AKi HABOAATHCSA B HOPMATUBHO-TEXHIUYHIN JOKyMeHTaIil
— BUPOOHMUYMX IHCTPYKIIiAX, CTAaHIAPTaX, TEXHIUHUX YMOBax [3, 4].

OpHuM 3 OCHOBHUX HETaTHUBHUX HACHIAKIB IIpM HigBUINEHHI TeMIiie-
paTtypu aycTeHiTH3aIllii tA € 3HaUHUU PicT aycTeHiTHOrO 3epHa, 1110, 0-
nepire, DiABUINY€E BipOTiAHICTH YTBOPEHHSA TPIIIMH IPU rapTyBaHHI, a
mo-Apyre, MOHMIKYE yYIapHY B A3KicTh i maactuunicTs [6, 15]. Hampu-
KJIaJ, OigBUIIeHHA TeMIepaTypu rapTyBaHHs B iHTepBaJi 850—-1050°C
IIPUBOIMJIO IO 3POCTAHHSA PO3Mipy 3epHa aycTeHiTy Bim = 15 MKM 10
=70 mxm (N2 8 Ta Ne 5 sriguo 3 'OCT 5639-82) Ta icToTHOTO TOHMIKEHHA
ynapuoi B’askoctu B Kpumi 40XH2MA-III. OnTumanbHe IIO€THAHHS
MMOKA3HUKIB MiItHOCTH I yZapHOI B’SIBKOCTU OIep:KyBajii IIPU TapTy-
BaHHi 3 Temueparypu 850°C[5, 6, 16].

Amnajriza momepeaHix po0iT, BJIaCHII JOCBi BUBUEHHS BeJIMUNHY 3epPHA
B KOHCTPYKIIMHUX cHemianbHUX Kpunax (Haopukiaan, 30XI'CHA,
40XH2MA-III, 18X2H4MA-I11, 30X2H2BPMA-III, 42XM, 10X5I'2MB)
MMOKAa3yIoTh, IO IPH TapTyBaHHI 3i cTapmapTHol Temmepatrypu 850°C B
Kpuri 40XH2MA-III gocAraeTbca MiKpPOCTPYKTypa APiOHOAMCIIEPCHOTO
BigmyIieHoro maprencuty. Poamip 3epHa, K IpaBUJIO, CTAHOBUTE Ne 7—9,
yuM 3abe3reuyeTbca HeoOXimHUM piBeHb BaacTuBocTeii. CyTTEBO IIiaBU-
IYBAJINCH IIJIACTUUHICTh, yAapHa B’SI3KiCTh, IMOHMKYBAJIACA CXUIBHICTD
0 KPUXKOT0 pYHHYBaHHA B 3paskax 3 TpimuHoo [5, 6, 16, 17].

Ha mamry nyMKy, BUKJIIOYHO 3 IIO3UIIiY ITPOIleCiB mepeKpucTaIisarii Ta
YTBOPEHHs APiOHO3epPHMCTOrO ayCTeHiTy, AKi BigOyBaroThbCcsa IIPU HATPI-
BaHHI /0 CTaHAApPTHUX TeMIIEpaTyp rapTyBaHHA, B AiIOUMX TEeXHIUHUX
YMOBaX BifICyTHi BUMOTHY J0 PO3Mipy 3epHAa B MaTepisaii roToBUX BUPOOiB
i3 KOHCTPYKIIIMHUX KPHUIIH ITiCJIA iX KiHI[eBOTO TEPMiUHOI0 0OPOOJIeHHS.

Mertoto maroi po6oTHy 6yJI0 YTOUHEHHS BILIMBY TeMIEPATYPU ayCTeHi-
THU3allil 3 BpaXxyBaHHAM PO3Mipy 3epHa Ha MeXaHiuHi BJaCTUBOCTI KOHC-
TpyKIiiiHol TepmomnosinmryBanoi kpumi 40XH2MA-III. Takox, craBu-
JIY 32 MEeTY YTOUHUTH JOIiJIbHICTh BUKOPUCTAHHS AJIS BiAIOBiZaJIbHUX
meraiis 3i kpuni 40XH2MA-III, iHmuxX KOHCTPYKIINHNX KPUIhL HaBe-
IeHNX B TeXHIUHWX YMOBaX i MpU3HAUEHUX AJIA MaTEPifAly 3aTOTOBKHU
BUMOT — «BeJINUNHA 3epHa MOBUHHA OyTH He KPYIIHiIlle HoMepa 5 IITKaJI
1, 2T'OCT 5639-82».

3. MATEPIAJ I METOAUKA JOCJIIsKEHD

BoimB TeMmmeparypu aycTeHiITHM3aIlili B IIpoleci rapTyBaHHSA BUBYAJINA B
Ja00paTOPHUX YMOBAX HA MATEPisAji IOKOBOK IPOMHICJIOBUX TOILIEHL, BH-
roroBaenux 3i Kpuri 40XH2MA-III. Tepmiute 00po0IeHHA IIOKOBOK y
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TABJHUIIA 1. Pe:xuMu rapTyBaHHA JOCTiAHUX 3pasKiB i3 kpuii 40X H2MA-III.
TABLE 1. Quenching schedule of pilot samples of steel 40XH2MA-III.

Howmep pexxumy | Pexum rapryBanusa
1 850°C, 1 roguua 15 XBuJIMH, MacJI0
2 900°C, 1 roguua 15 XBUJINH, MACJIO
3 1000°C, 1 roguna 15 XBUINH, MaCJIO
4 1050°C, 3 roguHM, MacJjo
5 1000°C, 1 roguua 15 xBuanH, TiACTYKYBaHHSA B iHIIiii meui

1o 850°C, 10 xBuJIMH, MacJjo

1050°C, 1 roguua 15 xBuIuH, TiACTY:KYBaHHA B iHITi i meui
6 o
1o 850°C, 10 xBuInH, MacJjo

1100°C, 1 roguua 15 xBuauH, TiACTY:KYBaHHA B iHIITii meui
7 o
1o 850°C, 10 xBuJIMH, MacJjo

cTaHi mocTaBieHHsA: HopMaiizarmisa, 900°C, Bigmyck, 670°C. 3aroroBku
3pasKiB, poamipom 25x25x55 MM, 11 MeXaHiuYHNX BUIPOOYBaHb HIPU Ki-
MHaTHi# TeMIlepaTypi Ta HACTYIITHOTO iX MeTajiorpagiuyHoro aHajisy Imij-
JaBaJayu rapTyBaHHIO 3 pidHMX TeMmiepaTtyp B imtepBaisi 850—-1100°C Ta
Bignmycky mpu 600°C, 1 roguny 15 xB. Pe:xuMu rapTyBaHHS HaBeIeHO B
Tabi. 1.

Ha Ko:xHY TeMIepaTypy rapryBanusa BuBuaau 1-3 spaska. IIpu mbo-
My, ojas craggapTHol Temuepatypu 850°C mocaimsxeno 20—30 3paskis.
CratuuHi BUIIPOOYBAHHA HA PO3TATHEHHS IIPOBOAWIN Ha IMUJIiHIPHUY-
HuX 3paskax. Beanunny KCU Bu3HaualIM IpU YAAPHUX BUIPOOYBaH-
HaX Ha 3paskax Mernaxe (10x10x55 mm) 3a I'OCT 9475-78.

Taxkox JocaiKyBaJu BEJIMUMHY 3€pPHA, MEXXKY MIITHOCTU Ta YAapHY
B’SIBKIiCTH MaTepiany cepiiHMX AeTaJsiB Iricjsa TepMiuHOro 00pO6IeHHS,
MIPOBEIEHOTO 3TiTHO 3 TEXHOJIOTIE€I0 3a CTAaHAAPTHUM PEKUMOM: rapTy-
BaHHA, 850°C, Bigmyck, 580°C. B poboTi oxoImieHi JaHi 3 KOHTPOJIBHUX
BUNPOOYBaHb MexaHiuHMX BiaactuBocTedl Kpuii 40XH2MA-III gna 86
CepiHMX BiAIIOBiZaIbHUX JEeTaJIiB.

3rifHo 3 TeXHIiYHMMM yMOBaAMH MeXaHiuHi BJIACTHMBOCTI KPHIIL
40XH2MA-III micasa TepMmiuHoro o0pobJeHHS AeTasli IIOBMHHI BigIOBi-
JaTh BHUMOraM: MesKa MimHocTH o= 100-120kre/Mmm? (aGo 981-—
1177 MIla), KCU — wue wmenme 10,0krc-m/cm? (abo0 He MeHIIe
98 % /cm?). 3riguo 3 TY BeluumHa 3epHA B MaTepidji 3aroTOBKH, Y
CTaHi IIoCcTaBJIeHHSA, IOBUHHA OYTH He KPYIIHiIlIe HOMepa 5.

HocmimxyBanm ekcliepuMeHTaJIbHe TepMiuHe 00pOo0JIeHHs, IIPOBee-
He 3a pe:XuMoM (Tpu pasu): HopMmaJisalis, 920°C, 1 roguna 15 xBuanH,
moBiTp4A, Bigmyck, 670°C, 11 roguua 15 xBuanH, MOBiTPA.

BuBueHHA MiKDPOCTPYKTYpH Ta OI[iHIOBaHHA 3€pHAa BUKOHYBaJ Ha
MMOJIOBUHKAX 3PYHHOBAHUX 3pPa3KiB micjisg BUOPOOYBaHHS Ha yIapHUMN
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3r'UH 3a JOIIOMOr00 ONITUYHOIr0 MiKkpockorny AxioObserver D1M («Carl
Zeiss») 3a 36imbmiens y 100—500 pasis. [la 3abesmneueHHs BUAUMOI 3e-
perHOiI cTpyKTypu B Kpuili 40XH2MA-III BukoHyBaau XeMiuHe IIaB-
JeHHA B HaCUUYEHOMY BOJHOMY PO3UMHI ITiKPUHOBOI KUCJIOTHU IIPOTATOM
15-20 xB., O6iIbII JOKJAAHO METOIWKA PO3TJIAHYTa B podoTi [17]. Pos-
Mip 3epHa OI[iHIOBaJIU MIJIAXOM ITOPiBHAHHA BUAMMUX IIiJ MiKPOCKOIIOM
3epeH 3 erajmomamu mkrajg 1, 2 craggapty I'OCT 5639-82, 3 BusHaueH-
HaM HoMepa 3epHa [18]. KoxxHOMY eTayioHy IITKaJ BiAmOBimae cepenHii
IigMeTep BUXIZHOTO aycTeHiTHOro 3epHa. Ha moBepxHi IaBeHUX
MiKpoIntiiB obupasu TUIIOBI 300pakeHHA 3€PeHHOI CTPYKTYPH.

4. PESYJBTATHU JOCJIIJKEHD TA OBI'OBOPEHHA

Ha pucynry 1 moxasaHO 3aJe;KHOCTI BeIMUMHHN 3epHa Ta yAapHOi
B’asxkoctu KCU Bim TeMmepaTypu aycTeHiTu3aIlii ta B mpoleci Harpisy
mig rapryBanHa. Ha rpadikax HaBemeHO HaWOiIbLIN Ta HATMEHIIIi 3HA-
yenua KCU. 3 migBuilileHHAM TeMuepaTypu ta B inTepsaii 850—-1100°C
saMmKyeThea KCU Ta 3poctae Homep 3epHa B Kpuii 40X H2MA-III.

IIpu Tremmeparypi raprysaumua 850°C ¢popmyBanmacs ogHOPigHA CTPY-
KTypa 3 posmipoMm 3epua Ne 8—9 (z 15—-22 mxm). Ciainx 3asmaunTu, 110 3e-
pHa 3 Ne 5 Ta Ne 6 mpu 850°C He yTBOpPIOBATIICA.

Ilig uac mpoBegeHHA NPOIEAYyPHU OIIiHIOBAHHS BeJIUUYNHY 3ePHA BUAB-
JIeHO pisHosepHUCTicTh mpu Temueparypax 900°C ta 1000°C. B mikpo-
CTPYKTYPi 3 OCHOBHOIO YacTHHOIO 3epeH (= 70% ) 3 momepom 8—9 ta Ne 7—
8 cmocTepiraau KpymHi 3epuaa 3 HomepoM 5—2. IIpu remuepatypi 1050°C
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Puc. 1. Boius TeMmiepaTypu aycTeHiTmsallil tx B IIpoIeci HarpiBy mig raprty-
BaHHA Ha yoapHY B’sA3KicTh (a) Ta HOMep BUXimHOTO aycTeHiTHOTO 3epHa (0) B
kpuri 40XH2MA-III: 1 — 850°C, 2 — 900°C, 3 — 1000°C, 4 — 1050°C, 5 —
1100°C.

Fig. 1. Effect of austenitization temperature ¢4 in the process of heating un-
der quenching on the impact strength (a) and the number of the original aus-
tenitic grain (6) in steel 40XH2MA-III: 1—850°C, 2—900°C, 3—1000°C, 4—
1050°C, 5—1100°C.
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BeJINUNHA 3epHA 30iJabITyBaJjiacad O HOMepa 5, TaKOoK OyJaum HPUCYTHI
OKpeMi JiJAHKN 3epeH 3 HoMepoM 6—5. AycTeHiTHe 3epHO 3POCTATIO IO
HoMepa 2—3 (125—-177 mxm) nipu Temnepartypi 1100°C. ¥V crani mocras-
JIeHHS BeJIWUYMHA BUXiJHOTO ayCTEHITHOTO 3epHA XapaKTepuayBaJacs
HOMepoM 8—9.

HarpiBom mo remmepatyp 1000°C Ta 1050°C, 3 migcTy:KyBamHaM i rap-
TyBaHHAM 3 Temneparypu 850°C oxep:xaHi GiabIll HU3bKi 3HAUEHHSA yAap-
HOI B’A3KOCTH Y MOPiBHAHHI i3 rapTyBaHHAM 0e3IMocepesHbo 3 IIigBuIlie-
Hux temuepatyp. [Ipu Harpisi 7o 1000°C 3 migcry:xyBamuam KCU mopis-
HioBasa 146 I3k /cm?, 6e3 migery:KyBanus — 163 Ik /cvm?. Taxkuii egexT B
po6ori [ 7] moscHWIM TOHMKEHOI0 MiKPOTBEPIiCTIO IJIACTUH MapPTEHCUTY .

Ha pucyuky 2 HaBefeHo piBeHb yaapHoi B as3koctu kpuili 40X H2MA-
III micasa TepmiuHOT0 OOPOOJIEHHS 3a CTAHIAPTHUM PEKNMOM — 3Pas3KiB B
JabopaTopuux ymoBax (1) Ta merasiB srigHo 3 Texuosorieio (2). OcHoBHA
BiAMiHHICTh PEKUMIB oJiATaNa y BUKOPUCTAHHI PIBHUX TEeMIIEPATYP Bifl-
nycky, 600°C i 580°C sigmosigmo. Ilicaa rapryBamHHS Ta BiAIIyCKy IIpH
600°C ymapua B’si3kicTh Masia s3uauenHsa 160—-180 Mxx/cvm?. Ilpu sHUKEH-
Hi TemmepaTtypu Bimmycky mo 580°C cmocTepiraau IIOMiTHE 3MEHITIEHHST
yaapHol B’siskoctu 10 115—168 IIxx/cm?. TapTyBaHHAM 3 TeMIEpaTypHu
850°C ra Bigmyckom mpu 600°C i 580°C 3abesmneuerna Mexa MiITHOCTU Ha
HeoOximHOoMy piBHi: 1060—1147 MIIa ta 999-1165 MIIa BizmoBigHo.

3HaUyIIIM Pe3yJbTATOM MIPOBeAeHOI POOOTH € YTOUHEHHS Bimomoi
3aJIKHOCTI yIapHOoi B’I3KOCTH Ta PO3Mipy 3epHA BiJ TeMIIepaTypu ayc-
reriTusamii kpuii 40XH2MA-III. ITokasauo, 1110 yaapHa B’A3KiCTh II0-
HUKYETHCA 13 3pOCTaHHAM BEeJIMUYNHY 3€PHA ayCTEHITY.
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Puc. 2. BiiuB cTaHZapTHOTO PEXXUMY TEPMOOOPOOIeHHA JOCTifHIX 3pasKis (1)
Ta cepifinmx meraJis (2) ma ymapHy B’saskicts xpuii 40XH2MA-III; Bignmyck
npu: 1 — 600°C, 2 — 580°C.

Fig. 2. Effect of standard schedule of heat treatment of the pilot samples (1)
and of serial parts (2) on impact strength of steel 40XH2MA-III; tempering
at: 1—600°C, 2—580°C.
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IIpu remueparypi rapryBamua 850°C B kpuri 40XH2MA-III coocTe-
piranm HaibiabII BucoKi 3HauenHsa KCU, onTuMaIbHe IIOETHAHHI MeKi
MiITHOCTH Ta yAapHOi B’SI3KOCTH, AKi BiAOBiZa Iy BUMOTraM TeXHIUHMX
YMOB JI0 MaTePisIy geTaJri.

OueBUAHO, BHACTIIOK PO3UNMHEHHS YaCTUHOK CHEIliAILHNX KapOigis,
SIKi BiKe He CTPUMYBAJIHM PicT aycTeHiTHOTrO 3epHa [4], 3a TeMmmeparyp y
900-1000°C 3adirkcoBaHO Pi3HO3EPHUCTICTH Big 9-ro g0 2-Tr0 HOMepa Ta
MOHM)KEHHS PiBHA yAApHOI B’A3KOCTH. Y TBOPEHHS KPYIIHOTO 3epHAa Ta
pisHozepuucTOCTH B Kpuili 40XH2MA-III cuiBmagaoTs 3 pe3ybTaTaMu
morepeqHix pobit 3 mocaimxenns kpuii 40XH2MA [6, 7, 14, 16], a Ta-
KOXK iHmmx Kpuib, Hampukjaan, 30XI'CHA, 10X5I'2MB, 42CrMo4
(matibnm:xumit amansor — kpuisa 35XM), 32CrMoV9I [5, 15, 19].

Cuocrepiranu, 1o npu 1100°C yaapHa B’ a3kicTs Kpuili 40XH2MA-
III morm:KyBagacay 1,2—1,5 pasu y mopiBHAHHI 3 TemmepaTypoio 850°C
(muB. puc. 1, a). OT:ke, BBa:KaeMO aOCOJIIOTHO OUiKYBAHUM HaTiHHS
yoapHOI B’A3KOCTH MATEPiday OeTali HuKUYe BHUMOT, HAIIPUKJIAL, IO
sHaueHb 82 I[3x/cM?, IpM BUKOPHCTAHHI BUCOKHX TeMIIEPATYP TapTy-
BaHHA Ta Bignmyckauusa npu 580°C.

Cainx sigmiTuTn, 1o B Kpuii 40XH2MA-III, BuroToBjaeHol MeTOIOM
€JIeKTPOIILJIaKOBOTO IEePEeTOIJIEeHH A, 3HUMKEHHA yTapHoi B’A3KOCTU He
Take CyTTEBe, AK B pooori [6]. PaszoMm 3 TuM, 3pocTaHHA 3epHA 0 HOMEpPa
5—2 Ta pi3HO3EpPHUCTICTH, OJepPIKaHi HmpU MiABUINEHUX TeMIepaTypax
rapTyBaHHSA, He 3a0e3meuaTs BUMOT TV 10 yaapHOi B’ A3KOCTH.

Bazaraui, 3epro 3 HOMepoM 5 (cepenmHiii mismerep =62 MKM) BBasKa-
eTbeA KpymnuuM [4, 7, 10]. Ha nanuit uac He Bimoma imdopmariia mpo Ho-
PMaTUBHO-TEXHIUHY JOKYMEHTAIlil0 i3 BUMOraMu 0 BEJIMUMHHU 3€pPHA B
MaTepisaii JeTasiB i3 KOHCTPYKI[IMHNX KPUITH MiCJIs KiHIIEBOTO TepMiu-
HOT0 00p0obOIeHHA. e MosCHIOETHCS TUM, IIT0 IPOBEedeHHA BUITPOOYBaHb
perjiaMeHTOBAHUX MEXaHIUHMX BJACTUBOCTEH IIiJ Yac 3JaBaJbHOTO KO-
HTPOJIIO 3rigHo 3 TY BBaKarOTh JOCTATHIM.

3 mpoBeAeHol POOOTH CIIiAYe SACHE PO3YMiHHSA, IIT0 HEOOXigHI MexaHi-
yHi Ba1actTuBocTi Kpuili 40XH2MA-III 3a6e3meuyoThCsa rapTyBaHHAM 3
remnepatypu 850°C. MoskHa 3 YyIIeBHEHICTIO CTBEPIKyBAaTH, III0 3€PHO 3
HOMepoM 5 He BimobOparkye HeOOXiTHMUN piBeHb MeXaHiYHMUX BJIACTHBOC-
Tell KPUIli Ta YTBOPIOETHCA IIPU HiBUINEHUX TeMIlepaTypax HarpiBy y
mopiBHAHHI i3 TemmepaTyporo 850°C [6, 7, 14, 16].

Bes cymHiBY, BUKOPUCTAHHSA AK 3aBUIEHUX, TaK i BHUIKEHUX HOPM €
HEePO3YMHUM Ta II0B’A3aHe 3 MeBHUM PU3SUKOM. B manomy Bumagky, ofe-
psKaHi pesyJbTaTH BKa3yIOTh Ha HEJNOIIJIbHICTh BUKOPHUCTAHHA HOMEpa
3epHa 5 B SKOCTi HOPMHU [AJIS MaTePisaay AeTalli miciasda KiHIleBoro TepMiu-
HOTro 00po0bJieHHsA. BiabIl Toro, € O4HO3HAUHO 3PO3yMiJINM, IO 3€PHO 3
HOMEPOM 5 He MOXKe OYTU MOBCAKYACHOIO HOPMOIO JJIS KOHTPOJIIOBAHHS
MaTepisay B PidHUX cTaHAX — JINTOMY, Ae(hOpMOBAaHOMY, B 3arOTOBIIi, 3
KiHIIeBUM TepMiuHIM OOPOOJIEHHAM, B JeTaJi, 3 HAHOCTPYKTYPOIO.

IIpu mboMy BHKOPHCTAHHSA BKa3aHUX HOPM [IJisI 3aTOTOBKU € JIOTiu-
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HUM Ta OB’ A3aHUM 3 THM, III0 B HOPMAJi30BaHOMY CTaHi He IMOTPiOHI
BHUCOKi 3HaUeHHS MiITHOCTM, HaBOaKM, HEOOXiZHO 3a0e3meunTH IOKpa-
IeHy 3JaTHIiCThL MaTepiday Jo MexaHiuHol o6pobaoBanocTi. Benrnunnua
3epHAa 3 HOMEPOM 5 € JIJIsI ITLOTO JOCTATHBLOIO, AK i 1A 3a0e3meueHHA BU-
cokoi ymapHoi B’a3kocTu. Tak, piBeHb yIapHOi B’IZKOCTH ITicJId Tpupa-
30BO1 HOpMAaJIizaii Ta Bignyckanusa cranoBus 228 Ik /cm?.

Ciizx TaKoK BpaXoBYBaTH, IO HATPiB CHEIIAIbHIX KPUI IIiJ rapady
medopmalriio Ta ii 3aBepIleHHA, AK IPABUJIO, BifOYBaIOTLC IIPU TEMIIe-
parypax BUINUX, HisK TpaAuIlifiHI TeMmepaTypu rapTyBaHHA, Ta MO-
JKYTh IIPU3BOAUTH A0 HAABHOCTI B METaJIi KPYITHO3EPHUCTOL CTPYKTYPH.
TomMy OUeBHIHO, IO BEJIMUYNHY 3€ePHA B 3aTOTOBKAX KOHTPOJIIOIOTH JJIs
epeBipKu 3MaTHOCTI MeTaJy OO HMOAPiOHeHHs 3epHa Hing miero rapsadoi
medopmaliii, Ipu HACTYIIHY TepMiuHOMY 00pOOJIeHHI 3a paXyHOK IpoIie-
ciB pekpucTasaisalii, mepeKpucrasisarii.

Kpim Toro, 1o maTepisay 3 HODMOBAaHMM PO3MipoOM 3epHA MOXKYTh BU-
cyBaTHCsA PisHI BUMOTHY 40 MeXaHiUYHUX BJIACTHUBOCTEH, ITT0 IIOB’A3aHe i3
pisHOIO MporapToByBaHicTiO Bupob6iB. Hampukian, 3rigHo 3 TeXHiYHIMHA
ymoBamu JICTY EN 10083-3:2007 Ha rapAadYeKaTaHy i KOBaHy MeTaJOM-
POAYKIIifO i3 TePMOMOJIIIIIIYBAaHNX KPHUIIL i3 posMipoMm 3epua Ne 5—8 y
CTaHi ITOCTaBJIeHH, AisgMeTep IPYTKiB Big 160 mo 550 MM, KpymHOMY
COPTY BiAmoBizae 6inbI1T HUBBKU M piBeHD BiaacTtuBocTeii [20, 21].

Oco6inBO HE00XiTHO BiA3HAUNTY BUIAJKN HEKOPEKTHOTO PO3YMiHHA
nyaKTy 2.1.1.3. TOCT 5639, axuii cTocyeThbcad METOAUKU BUABJIEHHS
BUXiTHOTO ayCTeHiTHOTO 3epHa. JeAKNMU JOCHiTHUKAMU, HOPMHU JIO Be-
JUYNHU 3epHA, «He KPYIIHillle HOMepa 5», B 3aTrOTOBIIi B HOpMaJi3oBa-
HOMY CTaHi 3 JJerkicTio Ta 0es3mmifcTaBHO, Ha HAIIl PO3CYM, IePEHOCATHCA
Ha MaTepisj roTOBOI JeTaJIi ITicjsda rapTyBaHHA Ta BIIIIYCKY.

Craix 3asHauunTH, [0 KOHTPOJL PO3MIipy 3epHAa B 3aroTOBKAaxX raps-
yemedopMoBaHIX ab0 TepMOOOPOOIeHX, Y CTaHI MOCTaBJIeHHA, HE Cy-
IePeuYnTh CTAHIAPTHINA METOAUIIL IPUTOTYBAHHA 3pa3Ka, 3TiTHO 3 SKOI0
ayCTeHiTHe 3ePHO BUABJIAIOTH B KPUIAX 3 MApPTEHCUTHOIO abo OeifHi-
THOIO CTPYKTYypoio (myHKT 2.1.1.1. 'OCT 5639). CrargapToM 103BOJIEHO
BUKOHYBATH OIliHIOBAHHSA MeTaJy 0e3 JOJZATKOBOT'O TEPMiuHOTO 00po0-
aenHa (myukT 2.1.1.2) y pasi 3abe3neueHHsa ogH0(ha3HOI CTPYKTYPHU Ta
HasABHOCTI BUXiJTHOTO 3epHa aycTeHiTy. Taka cTpyKTypa B cepeHbOBYT-
JeleBUX Kpunax, sanpukraan, 40XH2MA-III, 3abe3neuyeThCcsa BHACJTI-
IOK HOpMaJizallii, rapTyBaHHsA 3 IPOKATHOTO abo OKpeMoro Harpisy. ¥
IIBOMY pasi Kpuild He MOTpedye MJOTATKOBOTO HAarpiBaHHS, a PeKOMEH-
maria nyaxkTy 2.1.1.3 momo HArpiBy 0 cCTaHZAPTHUX TEeMIIEpaTyp rap-
TYBaHHSA CTOCYEThCA HEOTHO(MASHUX Y CTaHI MOCTABJIEHHA KPUIIb.

JJ1g yHUKHEeHHA HEeBiIITOBiTHOCTY MisK 3aTBEPAKEHUM 3MiCTOM BIMOT
TV Ta iX peaJbHOTO PO3YMiHHA, TeXHIUHI YMOBM HOBUHHI OyTH UiTKO
c(hopMyIHLOBAHMMH Ta 3PO3YMIIMMM Ha MOMEHT iX 3aTBepI KeHHs. BBa-
JKaeMo, BUMOTHU «BesnumHa 3epHa cTaJi MOBUHHA OyTH He KPYIIHIiIIIe
"Homepa b mkaia 1, 2 'OCT 5639-82» HeoOXigHO BUKOPHUCTOBYBATH 3Tif-



56 B. I0. OJIBITAHEITBKU, I. M. KVHUIIBKA, 0. I. KOHOHEHKO T1a is.

HO 3 TV 1o maTepisany 3aroroBgu. Imakime, mocriiiHe 3MiHIOBAHHSA PO3Y-
MinHa ceHcy TV mpusBene 10 3HEIIHEHHS OPOIeqypy KOHTPOJIOBAHHS
3epHA UM iHITOTO KOHTPOJBLOBAHOTO Imapamerpy. IIpu 1mbomy, akTyaJib-
HUM € JOTPUMAaHHSA PEKOMEeHJAIlill MI0J0 CTBOPEHHA BUIMMOI 3epeHHO]I
CTPYKTYPH Ta 3TiCHEeHHSI KOPEKTHOTO OIliHIOBaHHA 3epHa [17, 18].

3 orygAy Ha iCHYIOUi YSBJIEHHS Ta ofep:KaHi B poOOTi pesyiabTaTi,
BBa’KaeMoO OI[iHIOBAHHS 3€pPHA B MaTePisAJi AeTaJi Imicjad KiHIeBOro Tep-
MiuHOTO 00pPO0JIEHHS HEKOPEeKTHUM Ta Beynepeu Bumoram TV . Hamous-
raHHd *K Ha KOHTPOJIIOBaHHI BKa3ye Ha 3HAUHI ITPOTAJIMHU B PO3YMiHHI
MEeTOAUKM KOHTPOJIIO, BILIMBY TeMIIEPATYypPHU ayCcTeHiTHU3aIlil Ta po3amMipy
3epHa Ha MexaHiuHi BiracTuBocTi Kpuili. OT:Ke, BUKOPUCTOBYBATU IJIs
JeTali BUMOTH, AKi IpHM3HaueHi OJd 3arOTOBKHM, HEOOT'PYHTOBAHO Ta
0e3IepCcIeKTUBHO.

3 MeTOI0 OHO3HAYHOTO PO3YMiHHSA MOJOKEHb TeXHIUHNX YMOB II[OJ0
KOHTPOJHLOBAHUX ITapaMeTpPiB, Mg KOPEKTHOTO IIPOBEIeHH A IIPOIeTy P
3MaBaHHS] Ta NPUNMAHHSA BiANTOBiZaJbHUX JETAJIB i3 JIerOBaHUX KOHC-
TPYKI[IMHUX KPUIb, IIPOHNOHYEMO YiTKO CJIiAyBaTU HpaBuUJIaM TPUH-
MaHHS Ta MeTOAAaM BUIIPOOyBaHb, BimoOpakenux B TY. 3riguo 3 Bigo-
myumu TexHiuammMuy ymoBamu 100% 3aroTroBOK IifIAraroTh KOHTPOJIIO
MeXaHIYHUX BJIACTUBOCTEN Ha II03J0B)KHiX 3pasKax, BUPiBaHUX i3 II0-
KOBOK Ta mramMiIoBoK. 100% 3aroToBok IigaAramoTb KOHTPOI MAaKpoO-
CTPYKTYPH Ha 3JIaMaX 3pasKiB miciasa BUOPOOyBaHb HA YAAPHUIN 3THH.
KoHTpoJI0 TBEPAOCTH HiAJAArarOTh: MONepPeSHbO MeXaHiuHO o0pobJeHi
3aTOTOBKHU IIiCJIS IIOHEPEIHBLOTO TEPMIiUHOTO OOPOOJIEHHS MO PEeKUMY
HOpMaJizamil Ta BiAIIyCKy; 3arOTOBKH ITiCJIA 3MIITHIOBAJHHOT'O TEPMOO-
O0po0JIeHHs; 3aTOTOBKH i 3pas3Ku 3TigHo 3i cxemoro TY.

IlpuiimaHHA AeTaJiB IIPOBOAUTHLCS 3TITHO 3 KPECJIEHHAMM, TeXHiUYHN-
Mu ymoBaMu. B macmoprTi geTasi BKasyoThed (paKTUUHI 3HaUEHHA MeXa-
HiYHNX BJIACTUBOCTEI, OZlep:KaHUX IIPU BUIIPOOYBAHHAX 3Pa3KiB, Y TOMY
yucti i gismerpu BimOMUTKiB mpu 3amipi TBepmocTu 3a Bpinesem Ha 3a-
TOTOBIIi AeTaJIi i 3aroTOBIIi IIi 3pas3Ku AJId MeXaHIiUYHIX BUIIPOOYBaHb.

IIpu mpuitHATTI pimeHHsA, 3a HEOOXiTHOCTI, IITOI0 TPOBEAeHHA KOHT-
POJIIO 3epHA B AeTajJAX Ta BHECEHHS BigmoBigamx HOpM B TV, ciaix cko-
pucraTucsa pesyJabTaTaMu Ifiei poboTH, ImonepenHix podiT, a TaKOXK Ipo-
BECTH IOJaTKOBiI eKCIePMMEHTH 3 JOCJIiIKEeHHA BIJNBY PO3Mipy 3epHa
Ha eKCILIyaTallifiHi BJIaCTUBOCTI MaTepiAly, Yy TOMY UMCJi, 3 BUKOPUC-
TaHHAM HATYPHUX BUOIPOOYBaHb AETAJiB.

Bazarami-To pekoMeHAyeMO 3 IILOTO MUTAHHS BpaxXyBaTH O0araToJIiTHiH
He3aJIeKHUIM [OCBiJlT Trajays3eBUX I1HCTUTYTIB, YHIBEPCUTETIB, TaKUX HAK
Jep:kaBHe TiATPUEMCTBO «¥YKPalHChbKUN HAYKOBO-TOCTIAHUN IHCTUTYT
CIIeIiAJILHUX cTajieit, cmaaBiB Ta ¢epocmiasiBy» (I «YrpHIIcmerc-
Tajb» ), IHCTUTYT uwopHOiI MeTanmyprii im. 3. 1. Hexkpacoa HAH VYkpaiunu,
IIpugHinpoBchbKa Oep:KaBHa akajgeMis OymiBHMIITBA Ta apXiTeKTypH Ta
inmux. Tak, B po6orax [II «YxpH/Icnerncrans» BuBUeHi mporecu ¢op-
MYBaHHSA 3epeHHOI CTPYKTYPH IIiJ Yac TEPMiUHOI0, BUCOKOTEMIIepaTyPHO-
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0 TEPMOMEXAHIUYHOTO 00PO0IeHHA PiSHUX CIEIiAJbHIX KPUIh Ta CTOIIB.
PesyabTaTi HOCIiAMKEHEb OJIep;KaHo B paMKaxX AepP:KaBHIUX POOIT, 3aMOBJIe-
Hux MiHIIpOMIIOJIITUKY Y KpalH!, TPY BUKOHAHHI JOTOBOPIB 3 ITPOBiIHM-
MU MeTanypriiitHuMy migmpuemMcTBamu, 3 3BO Ykpainu Ta BigoOpaskeHi y
YnceabHUX 3BiTax, gucepramiax i myoaikamiax [1, 2, 5-7, 16, 20-22].

TaxuMm YnMHOM, AJIs 3a0e3lMeUeHHsa PerJIaMeHTOBAaHOl SKOCTU BiAIIoBi-
maapaux getaniB (I rpynu KOHTPOJ) Heobximuo Bukromysatu 100%
KOHTPOJIb MeXaHIUYHUX BJIACTUBOCTEM, TBEPJAOCTH B MaTEPisaii IIicisd Ki-
HIIEBOT'O TEPMiUuHOT0 00pOOJEeHHS AeTaio 3TiJHO 3 BUMOTAMU HOPMAaTH-
BHO-TE€XHIYHOI JOKYMEeHTAIrii.

5. BUCHOBREH

1. Po3BuUHYTI yABJEHHS 3 BILJIMBY TeMIIepPATypH ayCTeHiTuaaIrlii B mpo-
meci HarpiBy mig rapTyBaHHSA Ta PO3Mipy 3epHA Ha MeXaHiuHi BJIACTUBO-
cti Tepmonodinimysanoi kpuri 40XH2MA-III. Ha ocHOBiI omep:kaHUX
pesyJabTaTiB Ta ixX 700pOi KOpeJllii 3 momnepegHiMu podoTaMu BCTAHOB-
JIeHO, IO perjJaMeHTOBaHi MeXaHiuHi BJaCTHUBOCTI, HaWKpalle MOEN-
HaHHA ygapHoi B’sA3KocTu Ta Minmuoctu Kpuili 40XH2MA-III 3abesme-
YyIOThCA rapTyBaHHAM 3 onTuMaJbHOI Temieparypu 850°C. IIpu crau-
maprtHii remmeparypi 850°C 3abesneuyeThes, K IIPaBUIO, BUXigHe 3e-
pHO aycTeniTy 3 HOMepoM 8, 9 srigmo 3 'OCT 5639-82.

2. Iloxasauo, 110 po3Mip 3epHa 3 HOMepPOM 5 He 3abesreuye HeoOXigHMI
piBerb MexamiuHMX BiaacTuBocTelr B Kpuili 40XH2MA-III Ta omep:xKy-
€ThCS IPU HiABUINEHUX TEeMIepaTypaxX HarpiBy y IMOpiBHAHHI i3 TeMIre-
paTtypoto 850°C.

3. BcraHoBeHO, IO B OeTajAX, BUTOTOBJIEHUX 3 KOHCTPYKI[IMHUX
Kpuilb, HanmpukJjaan, kpumi 40XH2MA-III, He moTpiOHO OI[iHIOBATH 3€P-
HO HicJs KiHIIeBOro TepMiuHOTo 00poOJieHHs. 3a3HAUeHi B TeXHiUHUX
yMOBaX BIMOTH JIO0 BeJIMUNHY 3epHA («He KpymnHimie HoMmepa 5 mkai 1, 2
T'OCT 5639-82») HeoOXiZHO BUKOPUCTOBYBATH [IJA KOHTPOJIOBAHHS
MAaTepisfy 3aTOTOBKH.

4. KoHTpoJIb Ta IpUHMAaHHA OeTaiB I rpynu KOHTPOJI0, IPpU3HAUEHIX
IJIS BUTOTOBJIEHHSA MOBITPAHUX JiTAIbHUX alapaTiB, HEOOXiTHO BUKO-
HyBaTH 3rigHo 3 girounmu TexHiunumu ymoamu Ha 100% merasis mic-
JIsI KiHIIeBOT'O TePMiuHOro 06po0JIeHH IILIAX0M BUIIPOOYBAHHSA MeXaHi-
YHUX BJIACTUBOCTEH i TBEpIOCTH.

IOUTOBAHA JITEPATYPA

—

§1. . Cuexrop, 1. H. Kynuiikas, A. C. CanbHUKOB, 4 epHble memanavt, Ne 2: 15 (2014).
2. §1. U. Cnekrop, A. B. Horosunus, 10. B. Apramonos, 0. B. fInenko,

1. H. Kyaunxasa, CoopHux mpydos HayiHO-NnpaKmuieckoil KOH@epeHyuu
«Cmpoumeavcmeo, mamepuanogedernue, maulunocmpoernue» ([JHEIPOIETPOBCK
IITACA: 2008), BbImr. 45, 4. 4, c. 18.



58 B. I0. OJIBIITAHEITbKIUM, I. M. KYHUIIBKA, 0. I. KOHOHEHKO ra ix.

3. A.Il. T'ynaeB, Memaannogedernue (MockBa: Meramnyprus: 1986).

4. 9. 'yapemown, Cneyuanvubvie cmanu (Mocksa: Meramnyprus: 1966), t. 2.

5. C. 3. Hekpacosa, A. M. Ceprueunxo, 1. . Cuekrop, P. 1. duruu, @us. mem.
memannosed.. 6, Ne 6: 1213 (1976).

6. M. JI. Bepumreiin, f1. Y. Cuexktop, B. H. [lerrapes, X 36ecmusa 6y3o6. Yepnas
memaannypeus, Ne 9: 170 (1980).

7. M. JI. Bepuireiin, . . Cuexktop, B. H. llerrapes, @us. mem. memannoged., 53,
Ne1:68(1982.).

8 D. H. Herring, Industrial Heating, No. 8: 20 (2005).

9. A. Gigovi¢-Gekié, J. Durakovié, B. Faki¢, and H. Avdusinovié¢, Twelfth Re-
search/Expert Conference with International Participation ‘QUALITY 2021’
(June 17-19, 2021 ), p. 23.

10. B. U. Boabitakog, [I. B. Jlayxuu, C. B. IBantos, Cmpoumeascmeo, mamepua-
Jn0sedeHue, mawuHocmpoerue, Boim. 89: 30 (2016).

11. Mamepuanogedenue. H3yuenue cmpyxmypul u c80iicme yzaepoducmulx cmaJet
6 omodxcxHcennom cocmoanuu (Kuposorpaxn: I'NIAY: 2008).

12. 0.X.VY.Wyngamainues, I'. P. #ypaesa, 3. A6gykaxxapos, M. 3. Ka6yos, Sci-
ence Time, Ne 5: 196 (2017).

13. B. I. CagoBckuit, MuTOM, Ne 6: 6 (1991).

14. JI. IT. Basm, . O. Ilanos, }0. H. Cumounos u ap., Becmuuk Ilepmckozo Hayuo-
HAJbHO020 UCCe008amenbCK020 NOLUMeEeXHUYeCK020 YyHugepcumema. MawiuHo-
cmpoerue, mamepuanogedernue, 13, Ne 2: 54 (2011).

15. B. A.JIyneuko, T. H. 'ony6enko, O. B. JIyueuko, C. H. Hlexypaus, JJumuve u
memaanaypeus, 2: 52 (2016).

16. I. M. Kyuunska, B. FO. Onbimanenskuii, B. A. Jlesin, 36ipxa mamepianie XV
MixcnapodHoi Hayxo60-mexHiuHoi KoHpepenyii (8—9 aucmonada, 2022 ) (3amo-
piksxa: Hamionanpuuil yHiBepcuTeT «3amopisbKa noiTexuikas: 2022), c. 94.

17. I.M. Kyaunska, O. ®@. fIcrpedosa, B. T. Pyb6an, B. }O. Onbianenskuii, Hosi
mamepianu i mexnonoz2ii 6 memanypzii ma mauwunobydyeanni, Ne 1: 43 (2023).

18. Cmaaxau u cnaagvl. Memoovl gviasnenus u onpedenenus geaudunsvt 3epua. 'TOCT
5639-82.

19. B. A. JIyuenko, T. H. T'ony6enko, O. B. JIyueuko, H. A. I'tasynosa, JIlumve u
memaanypzus, 3: 13 (2017).

20. A.H. Tywmxko, 1. H. Kyaunkasa, 1. 1. Cnexrop, XI mexndyrapoornas Hay4Ho-
npaxmuueckas koHpepenyus (3anopoxnse: SHTY: 2008), c. 141.

21. W. H.Kynunkaa, Onmumu3ayus memnepamypHo-0eqpopMayloHHbLX napamen-
P06 NPOKAMKU CNeyUaLbHbLX CMaell ¢ Yiemom ux 6LUAHUSL HA CMPYKMYpY U
ceoiicmaa (duc. ... Kaug. TexH. HayK) (3amopoxbe: 2016).

22. W. H. Jlorosunckuii, A. H. Tymko, A. C. Cansaukos, 1. 1. Cuekrop,

N. H. Kyaunkasa, Cmaav, Ne 9: 53 (2012).

REFERENCES

1. Ya. I. Spektor, I. N. Kunitskaya, and A. S. Sal’nikov, Chernyye Metally, No. 2:
15(2014) (in Russian).

2. Ya. I. Spektor, A. V. Nogovitsin, Yu. V. Artamonov, Yu. V. Yatsenko, and

I. N. Kunitskaya, Proc. of Scientific and Practical Conference ‘Stroitel’stvo,
Materialovedenie, Mashinostroenie’ (Dnipropetrovsk: PGASA: 2008), Iss. 45,
Pt. 4, p. 18 (in Russian).



BIIJIUB TEMIIEPATYPU AYCTEHITUSAIIIT 3 BPAXYBAHHSIM PO3SMIPY 3EPHA 59

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

A. P. Gulyaev, Metallovedenie [Metallurgy] (Moskva: Metallurgiya: 1986) (in
Russian).

E. Gudremon, Spetsial’ nyye Stali [Special Steels] (Moskva: Metallurgiya:
1966), vol. 2 (Russian translation).

S. Z. Nekrasova, A. M. Sergienko, Ya. I. Spektor, and R. I. Entin, Fiz. Met.
Metalloved.. 6, No. 6: 1213 (1976) (in Russian).

M. L. Bernshtein, Ya. I. Spektor, and V. N. Degtyarev, Izvestiya Vuzov. Cher-
naya Metallurgiya, No. 9: 170 (1980) (in Russian).

M. L. Bernshtein, Ya. I. Spektor, and V. N. Degtyarev, Fiz. Met. Metalloved.,
53, No. 1: 68 (1982) (in Russian).

D. H. Herring, Industrial Heating, No. 8: 20 (2005).

A. Gigovi¢-Gekié, J. Durakovié, B. Faki¢, and H. Avdusinovié¢, Twelfth Re-
search/Expert Conference with International Participation ‘QUALITY 2021’
(June 17-19, 2021 ), p. 23.

V. I. Bol’shakov, D. V. Laukhin, and S. V. Ivantsov, Proc. of Scientific and
Practical Conference ‘Stroitel’stvo, Materialovedenie, Mashinostroenie’
(Dnipro: 2016), Iss. 89, p. 30 (in Russian).

Materialovedenie. Izuchenie Struktury i Svoistv Uglerodistykh Staley v Oto-
zhzhennom Sostoyanii [Materials Science. Study of the Structure and Properties
of Carbon Steels in the Annealed State] (Kirovohrad: GLAU: 2008) (in Russian).
0. Kh. U. Yuldashaliev, G. R. Zhuraeva, Z. Abdukakhkharov, and

M. E. Kabulov, Science Time, No. 5: 196 (2017) (in Russian).

V. D. Sadovskii, MiTOM, No. 6: 6 (1991) (in Russian).

L. Ts. Zayats, D. O. Panov, Yu. N. Simonov et al., Vestnik Permskogo Natsion-
al’nogo Issledovatel’skogo Politekhnicheskogo Universiteta. Mashinostroenie,
Materialovedenie, 13, No. 2: 54 (2011) (in Russian).

V. A. Lutsenko, T. N. Golubenko, O. V. Lutsenko, and S. N. Shekhurdin, Lit’e i
Metallurgiya, 2: 52 (2016) (in Russian).

I. M. Kunyts’ka, V. Yu. Ol’shanets’kyy, and B. A. Levin, Proc. of XV Int. Scien-
tific and Practical Conference (Nov. 8-9, 2022 ) (Zaporizhzhia: National Uni-
versity ‘Zaporizhzhia Polytechnic’: 2022), p. 94(in Ukrainian).

I. M. Kunyts’ka, O. F. Yastrebova, V. T. Ruban, and V. Yu. O’shanets’kyy,
Novi Materialy i Tekhnolohiyi v Metalurhiyi ta Mashynobuduvanni, No. 1: 43
(2023) (in Ukrainian).

Stalii Splavy. Metody Vyyavleniya i Opredeleniya Velichiny Zerna. GOST 56 39-
82 [Steels and Alloys. Methods for Identifying and Determining Grain Size.
GOST 5639-82] (in Russian).

V. A. Lutsenko, T. N. Golubenko, O. V. Lutsenko, and N. A. Glazunova, Lit’ei
Metallurgiya, 3: 13 (2017) (in Russian).

A. N. Tumko, I. N. Kunitskaya, and Ya. I. Spektor, XI Int. Scientific and Prac-
tical Conference (Zaporizhzhia: ZNTU: 2008), p. 141 (in Russian).

I. N. Kunitskaya, Optimizatsiya Temperaturno-Deformatsionnykh Parametrov
Prokatki Spetsial’nykh Staley s Uchetom Ikh Viiyaniya na Strukturu i Svoistva
[Optimization of Temperature and Deformation Parameters of Rolling Special
Steels, Taking into Account their Influence on the Structure and Properties]
(Disser. for ... Cand. Techn. Sci.) (Zaporizhzhia: 2016) (in Russian).

I. N. Logozinskiy, A. N. Tumko, A. S. Sal’nikov, Ya. I. Spektor, and

I. N. Kunitskaya, Stal’, No. 9: 563 (2012) (in Russian).


https://doi.org/10.15588/1607-6885-2023-1-6
https://doi.org/10.15588/1607-6885-2023-1-6
https://doi.org/10.21122/1683-6065-2017-3-13-16
https://doi.org/10.21122/1683-6065-2017-3-13-16




Metallophysics and Advanced Technologies © 2024 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2024, vol. 46, No. 1, pp. 61-70 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.46.01.0061 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 06.60.Vz, 61.72.1Lk, 61.72.Mm, 64.70.dg, 81.10.Fq, 81.20.Hy, 81.30.Fb

MoHOKpucTaAJU BOJb(paMy y BUTJIAII IIOPOKHUCTHX
TiJI 00epTaHHA IJIA Cy4aCHOI eHepreTHKH

I0. O. Hukurenko, B. O. Illanosamnos, B. B. Axymia, O. M. T'rmisguio

ITncmumym eaexmposeapiosanns im. €. 0. Ilamona HAH Ykpainu,
ey.. Kasumupa Manesuua, 11,
03150 Ruis, Ykpaina

¥ crari HaBemeHO Pe3yJAbTATH PO3BUTKY TEXHOJIOTII BUPOIIyBaHHSA CyIiepBe-
JUKUX MOHOKPHCTAJIB TAMKKOTOIIKMX MeTaJiB, AKy OyJio po3pobiexo B IE3
im. €. O. ITarona HAH Vxpainu. Ha ocuoBi mabyToro mocsigy crBopeHo obJia-
IHAHHA HOBOTO NHOKOJIiHHA, IO YMOJYKJIMBJIIOE BUPOIIYBATH MOHOKPUCTATIU
TSKKOTONKUX METaJiB y BUTJIALL Tis obepTaHHsA. [IpoBeseHo eKclIepUMEHTH 3
BUPOIITYBaHHA MOHOKPUCTAJY BOJbMPAMY V BUIVIALL MOPOXKHUCTOTO ITUJIiH]I-
pa, AKUi € TpyOHOIO 3aTOTOBKOIO [IJI BUTOTOBJIEHHSA €JIEMEHTIB JJIA eHepreTu-
Ku. BcTaHOBIEHO TEXHOJIOTIYHI mapaMeTpu I eHePTeTUYHI PeKUMU, AKi Jaan
3MOTY KOHTPOJIIOBATH TOBIIUHY CTiHKH, IO HAPOIIYEThCS. B pesyabrarTi exc-
IIePUMEeHTiB 0yJI0O BUPOIIEHO BUJINBOK 3 BUCOTOIO CTIiHKU y 68 MM, TOBIITUHOIO Y
20—-22 MM i 3oBHiNIHIM gigmMeTpoM y 85 MM.

Karouosi caoBa: BosmbdhpaM, BUPOITYBAHHA MOHOKPHUCTANY, IJIA3MOBOIHAYK-
IifiHe 30HHE TOILJIEHHS, IIOPOKHUCTE TiJIo 00epTaHHA.

The article presents the results of developing the technology for growing su-
per-large single crystals of refractory metals, which is developed at the E. O.
Paton Electric Welding Institute of the N.A.S. of Ukraine. Based on the ac-
quired experience, a new generation of equipment is created and allows the
growth of single crystals of refractory metals in the form of bodies of rota-
tion. Experiments are carried out on growth of a single crystal of tungsten in
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the form of a hollow cylinder as a pipe blank for manufacturing elements for
the energy industry. Technological parameters and energy regimes are estab-
lished, which made it possible to control the thickness of the growing wall. As
a result of the experiments, an ingot with a wall height of 68 mm, a thickness
of 20—22 mm, and an outer diameter of 85 mm is grown.

Key words: tungsten, single crystal growth, plasma-induction zone melting,
hollow body of rotation.

(Ompumano 11 mcoemns 2023 p.; ocmamoyn. sapisnm — 16 aucmonada 2023 p.)

1. BCTYII

VY mocKoHaJeHHA CyYacHOTO eHeProKOMILIEKCY He MOKJInBe 0e3 BIIpOBa-
I:KeHHSA HOBUX MAaTepisiiB i TexHosorii. Hacammepen, 1e cTocyeThCs
aTOMHOI eHepreTHuKU Ta JOCJiIKeHb TepMOaAepHOl cuHTe3u. B eHepre-
TUII BEJUKUX IIOTYKHOCTEeH HAMOiJBINT NMepCIeKTUBHUM BBaKAETHCHA
HAIPAM, [I0B SI3aHUU 3 KEPOBAHOIO TEPMOSAAEPHOI0 CUHTE3010, a IJIA Ha-
TiMHUX mKepes eHeprii MiKIIaHeTHUX KopabiiB i KocMiuHMX cTaHITil
— TepMoeMiciiHi mepeTrBopooBadi. ¥ 3B 3Ky 3 IIUM BOJL(MPaAM AK TAMK-
KOTOIIKUI MeTaJ Ma€ SBHi HMePCIeKTHUBY BUKOPHCTAHHSA B peakTopax
tuny ITER, a TaKO CHI0BUX YCTAHOBKAX KUBJICHHA KOCMiUHUX 00 €-
KTiB A1 JajJeKuX i TpuBaaux moaboTiB. HeobximHo BimsmauwmTu, II10
BoJb(paM Mae 6araTo YHiKaJbHUX BJIACTUBOCTEHN B IITMPOKOMY HdidIa-
30HI TeMIepaTyp. ¥ TeXHilli HalOiIbII MIMPOKO 3aCTOCOBAaHI TaKi fioro
BJIACTHBOCTI AK BHCOKA TeMIlepaTypa TomiaeHHs (> 3400°C), Bucoka ryc-
tuHa (=19,3r/cm®), mNOpiBHAHO BHCOKa TemaomposiguicTs (173
Br/(M-°C)) i momipHMI Koe@ilieHT Temnosoro posmupenss (4,3-1076°C1
rnpu 0°C ta 5,8-107°%°C! 3a remnepaTyp g0 2100°C).

ChorofiHi B eKCIIepUMEHTAJIbHUX YCTAHOBKAX KEPOBAHOI TepMoAIep-
HOI CUHTE3M 3aJIUINAEThCA BiIKPUTUM MUTAHHAM OOJUITIOBAHHS BHYT-
PiITHBOI ITOBEPXHI KaMepu, eJIeMeHTiB KepyBaHHs Ta KOHTPOJII. ¥ cepe-
IVHI peakTopa TPHBAJIUH uac Mae IepeOyBaTH BUCOKOTEMIIEpaTypHa
mirasmMa. B TepMmodzepHHX peaKkTopax i3 IajJaiodyo JerTepiiioBo-
TPUTIHOBOIO IJIa3MOI0 OOMOapAyBaHHS HeHTPOHAMU 3 BHCOKOIO €HepTi-
€10 CTBOPIOE BHCOKY KOHITEHTpAIli0 pamidaniiinux nedgeKTiB Ha TOBEePXHi
00JIMII0OBAILHIX MaTepisanis. Tomy mo ux MaTepidiiB mpen SBIAIOTh-
Ccs BUCOKi BUMOTH SIK IIIOAO T€PMOCTiHKOCTU, TaK i IoAo pamiamiiiaol
CTiAKOCTH.

fAx Oynmo mocaimkeno paxiiie, BoJb(paM Mae HU3LKY PO3UMHHICTH
MIPaKTUYHO Bcix izoTomis I'izporeny, mio oco0JIMBO BasKJINBO, TOMY IO
poboue cepenoBHUIlle PpeaKTOpa MiCTUTL AeiTepiii i TpuTiii. PosunHHiCTD
Tl'igporeny B Boab(paMi icTOTHO MeHIIle, HijK B KPUIAX, i TUM Oijblie
rerepax I'izporeny (uiobiit, BaHamii i T.1m.). I'igpored mpakKTUYHO He PO-
3UMHAETBCA Yy BOJbMpaMi, a 3axOILTIOEThCA AedeKTaMu CTPYKTYypHU
(PpeHkeseBi mapu, aToMu AOMIIIIOK, AMCJIOKAIlii, XxeMocopOIia Ha IIo-
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BEePXHAX IMMOPOKHUH, Tad yV HOPOKHMHAX). HakonumueHHs meiiTepiio B
IoJIIKpHCcTaTiuHOMY Boab(dpami B 4—5 pasis HMiKUe, HixK B II1api 3a 1maa-
3MOBOT'0 HAIIOPOIIEHHS; TOMY AYyKe BaKJMUBa OJHOPimHICTH i BimcyT-
HicTh AUCIOKAIliil cTPYKTypu. ToMy, KpiM UMCTOTH MeTaJy, OCOOJUBi
BHUMOI'H IIpe[ ABIAITLCA OO0 CTPYKTYPU METAJIEeBOr0 BoJb(pamy, Imob
VHUKHYTH pekpucranisamii nig uac marpisy [1-3]. MoxxauBo, BoJIb()-
pam O0yZe BUKOPHMCTOBYBATHUCS He B UMCTOMY BUTJIAI, & Y BUTVIALL CTOITY
3 OOMiIIKaMHu JieI'YBaJIbHUX €JIeMEHTIiB Yy KLIBKOCTi B JeKiJIbKa BiZcOT-
KiB. B iboMy HampsMi izeajibHOIO CTPYKTYPOIO € MOHOKPHUCTAJ i3 3a7a-
HOIO opieHTariero. OgHEUM 3 HaOiJBII IEePCIeKTUBHIX CIIOCO0IB omep-
KaHHA BeJINKUX IPodhiIboBaHNX MOHOKPHCTAJIIB BOJIb(ppaMy € afuTUB-
He HATOIJIEHHA 3a ILJIa3MOBOIHAYKIIifiHOTO TomaeHHA. [Jia peasisarii
ILOTO cnoco0y B IHCcTUTYTi eneKkTposBapoBanHsa iM. €. O. Ilatoma HAH
YEKpainu pos3pobeHO TeXHOJIOTiI0 M yCTaTKYBaHHSA AJIS HATOILICHHS
MOHOKPHCTAJIB TAMKKOTONKNUX METAJIB i CTOMIB, IKi YMOMKJINBJIIOIOTH
OJIeP:KyBaTH BeJUKi BUCOKOSAKiCHI BUJIMBKM y BUTJIAMLIL ILIacTUH [4, 5]
(puc. 1).

CyTHicTh METOAY IOJATAE B TOMY, IO IIJIa3MOTPOH, 3A1MCHIOIOUH 3BO-
POTHBLO MIOCTYIIHUH PYX, IIePEeMilllye MeTaJeBy BAaHHY, AKa, OTPUMYIOUN
OiIKUBJIEHHS BiJ HepeTOomJeHHSA IIPYTKiB, (pOpMye KpHCTaJ IIap 3a
IIIapoM, HaraJgyioul 3a CBOEIO CYTTIO AyroBe HaTomIeHHs. [licas KoxHo-
o IIPOXOAY IIJIa3MOTPOHA MOHOKPMCTAJ OIMYCKAETHCA BHU3 HA BUCOTY
HATOILJIEHOTO IIapy, 3a0e3leuyioun, TAKMM UYMHOM, CTAOLIbHI yMOBM

a

Puc. 1. Cxema ycTaTKyBaHHA IJIA aJUTHBHOrO BUPOIIYBAHHS MOHOKPHCTAJIIB
TAKKOTOIKNX METAaJIiB i3 3aCTOCYBaHHAM ILJIa3MOBOIHAYKIIITHOTO CcII0co0y (a)
Ta MOHOKpHUCTANiuHi 31uBKY (6): 1 — MIa3MOTPOH, 2 — BUTPATHUMN OPYTOK, 3
— MexaHisM mogaui mpyrkis, 4 — iHAYKTOpP, 5 — 3apOAKOBUI KpucTaia, 6 —
IJIa3MOBAa Ayra, 7 — JIOKaJbHa BaHHAa, 8 — MOHOKPHCTAJI.

Fig. 1. Scheme of the equipment for additive growth of single crystals of re-
fractory metals using the plasma-induction method (a) and single-crystal in-
gots (6): 1—plasmatron, 2—consumable tungsten rod, 3—rod-feeding mech-
anism, 4—inductor, 5—seed crystal, 6—plasma arc, 7—Ilocal liquid zone, 8—
single crystal.
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poIlecy HapoIlyBaHHA BUJINBKA.

Kpucran ¢opmyeThbca B yMOBaxX HATPiBY BMCOKOUYACTOTHUM IIOJIEM
iHgyKTOpAa M0 TeMIepaTryp, XapaKTepHUX IJId AiAnasony rapsadoi gedgo-
pmaitii. Ik Bimomo, 3a IIUX TeMIIepaTyp IIepeMilienHsa JUCA0KAIlill Bij-
OyBaeThCA Mif Ai€i0 OJHOYACHO 30BHINTHIX HANIPYKEeHb i TeMuepaTypHO-
ro BILIUBY. [[ucaoKaIii BUABIAIOTHECA HEIPUB A3aHUMMU IIYIKO IO «CBO-
€i» IJIONTMHY KOB3aHHA i MOKYTb IEePEXOAUTH 3 OAHI€l IJIOIUHY B iH-
11y, BuOmpawum cobdi Haitaermuil misax. Ile posriamaerses, AKX JOOAT-
KOBUIi CTYHiHBb cBOOOAM vy mAucaokariii. Ilig uac TaKkoro HeBperyJboBa-
HOT'O PYXY AUCJIOKAIli# 301bITyeThCSA HMOBipHICTE 3ycTpiueii ixX, i ToMy
3pocTae, 3 OOHOTO OOKY, KilbKicTh BUOAAKIB iXHBLOI aHirimamii (samen-
ITYETHCS I'YCTUHA JUCIOKAIliiT), a 3 iHIITOT0 — CXUJIBHICTD 0 YTBOPEHHS
peryasgpHuX AUCIOKAIIMHUX CTPYKTYP, OIS AKUX XapaKkTepHe 00 €I-
HaHHA THCJOKAIiMl Y MaJIOKYTOBi MexXi. YMOBU, B SKUX BigOyBaeThCA
dopMyBaHHA MOHOKPHCTAJNY, 3a0e3MeuyioTh OiJIbIIT BUCOKY AKiCTH MO-
HOKPHUCTAJIUHOI CTPYKTYPH, HisK 3a cIIOC00iB, B AKMX He BUKOPHCTOBY-
€ThCS TOAATKOBUM IIiirpiB.

2. OBJIAJHAHHA TA METOJUKHU JOCJIIKEHD

Ilomanbllle BUBUEHHSA NIPOIECY YMOMKJIUBUJIO Ha TUX Ke 3acagax CTBO-
PUTU HOBiTHIO YCTAaHOBKY [JIA BUPOIIYBaHHA MOHOKPUCTAJIB BOJIb(dpa-
MY y BUTJIAAL Tia obepranusd (puc. 2).

CrBopeHe 00JIafHAHHA € YCTaTKYBAaHHAM SIKiCHO HOBOTO ITOKOJIiHHS,

Puc. 2. HoBiTHA ycTaHOBKA 3 KOMII IOTEPHUM KePyBaHHSM [JIA BUPOIIYBaAHHA
MOHOKPHCTAJIIB TSKKOTONKUX METAJIiB y BUTJISAAI TiJT o0epTanHs.

Fig. 2. The newest installation with computer control for the growth of single
crystals of refractory metals in the form of hollow bodies of rotation.
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Puc. 3. 3araabHuil BUTJIA 3aPOJKOBOTO KPUCTATY IiCJIs eJIeKTPOiCKpPOBOTO pi-
3aHHA.

Fig. 3. The general view of the seed crystal after electric-spark cutting.

1[I0 BiApi3HAETLCA HAABHICTIO MOBHICTIO KOMII IOTEPU30BAHOI CHUCTEMU
KepyBaHHSA BUKOHYIOUMMU MeXaHi3MaMM, TaTUNKaMU IIePEeMIIeHHs Ta
KOHTPOJIIO ITPOITeCy POCTY MOHOKPHUCTAJY.

IIpuHIMIIOBO TEXHOJIOTiA BUPONIIYBaHHA IUWJIIHAPUYHUX MOHOKPUC-
TaJIiB I'PYHTYETHCA Ha TEXHOJIOTiI BUPOIITYBaHHA IIJJaCKUX MOHOKPUCTA-
JiB; OOJHAK Yy HOBill yCTaHOBIII KpHCTaJ Oe3lepepBHO 00epTaEeThCa Ha-
BKOJIO BePTUKAJBHOI OCi. ¥ AKOCTi 3apOJIKOBOT'O KPUCTANy BUKOPHUCTO-
BY€ETBHCA IMUJIIHAPUYHA 3aTOTOBKA, BUTOTOBJIEHA 3 IIJIACKOTO MOHOKPUC-
TaJay 3agaHoi opieuTatii (puc. 3).

HocrmimxeHHa CTPYKTYypu (MiKpOTBEPIOCTH, PO3MipiB cyO3epeHHOI
CTPYKTYPHU Ta KYTIiB Ae3opieHTalrii ix, xapaxTepy po3mOmily AUCJIOKA-
Iif Ta iH.) IPOBOAMJIN HA BCiX CTPYKTYPHUX PiBHAX i3 3aCTOCYyBaHHAM
KOMILIEKCY eKCIIEpUMEHTAJbHIUX MEeTOAiB cyuacHOTo ()i3MUHOTO MeTa-
JIOBHABCTBA, BKJIIOUAOUW: onTuuHy Merasorpadiio (Neophot-32 i
Versamet-2 (Amouisa), Leco-M400 (CIITA) npu maBaHTaKeHHi Ha iHgeH-
Topi y 200 1), aHATITUUYHY PaCcTPOBY eJIeKTPOHHY Mikpockonito (PEM)
(Philips SEM-515 (Hizepiauau)), a TAaKOK IPOCBITIIOBAIBHY MiKPO-
INPPaKIiiHy eJeKTpoHHY Mikpockomiio (JEM-200CX dipmuz JEOL
200 kB (Amowia)).

3. PESYJIBTATH TA IX OBTOBOPEHHSA

Ha pucynky 4 mpenacraBiero (OTO IPOIleCy BUPOIITyBaHHSI MOHOKPUCTA-
Jy, Ie CTPiIKaMu HaBeeHO HaIPAMOK II0JaYi BUTPATHOTO IIPYTKA Y 30HY
TOILJIEHHS IIJIA3MOBOI YT Ta HAIIPAMOK 00epTaHHSI MOHOKPUCTATY .
HaponryBaHnHsa Big0yBaeThCA MOIIAPOBO 3a PAXYHOK 00€PTaHHSA BUJIU-
BKa i HEPyXOMOT0 ILJIa3MOTPOHA BiJHOCHO OCi 00epTaHH:A, IO YTBOPIOE
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Puc. 4. IIpoiec BUPOI[YBaHHA MOHOKPHCTAJY BOJIb(PAMY Y BUTJISALL IIOPOIKHM-
CTOTO Tijla 00epTaHHA.

Fig. 4. The process of growing a tungsten single crystal in the form of a hollow
body of rotation.

KBasucraimioHapHy BauHy. Ilicida HaTOIJIeHHA IMIapy KPUCTaJl OIlycKa-
€TbCs IO HU3Y. ¥ CTATKYBAHHA Jla€ 3MOTY IIOJaBaTH IPYTKHU 3 000X OOKiB
— {AK IO IEeHTPY BHJINBKA, TaK i 3 PagisiJIbHUM 3MIiIeHHAM BiJHOCHO
IeHTpPY.

Coupaiounch Ha JOCBiJ BUPOIYBAHHSA IUIACKUX i MMJIIHAPUUHUX MO-
HOKPUCTAJIiB BOJIb(ppaMy AisiMeTep JOKAJIbHOI BAHHY MiATPUMYyBaJX Ha
piBHi 22 MM. @PopMyBaHHA MOHOKPUCTATIY BOJb(MPAMY V BUTJIALI IIOPO-
JKHICTOTO IIMJIiHAPAa 34iMCHIOBAIM BHACTIAOK HMEePEMillleHHA JOKAJIbHOI
BaHHM Y3J0BXK KOHIIEHTPUYHOI TPAEKTOpil y IJOIMHI HapOIyBaHHSA
cepenuiM pagirocomy 30—31 mm.

Hna mimKuBiIeHHS BaHHM BUKOPHCTOBYBAJIM KaJiOpoBaHi IPYTKHU
BoJIb(pamMy AissMmerpoM y 8 MM Ta AoB:xKuHOO ¥ 800 MM (Tabu. 1). A mo-
KasaJau momepenHi JocaimxeHHsa, padiHyBaHHsa Ta 3a0pyAHeHHS Iig uac

TABJINIIA 1. Xemiunuii ckaan npyTkie Boabhpamy (J 8 mm, [W] >99,97%
BAar.).

TABLE 1. Chemical composition of tungsten rods (&8 mm, [W]=99.97%
wt.).

Enemenr Si | Mg | Sn | Ni | Al | Mo | N | C
% sar. <0,001 <0,0001 <0,0001 0,0002 0,0002 0,017 0,002 0,001
Enementr As Sb Pb Fe Bi Ca P 0

% Bar. <0,0001 <0,0001 <0,0001 0,0013 <0,0001 <0,001 <0,001 0,0046
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Puc. 5. SaranbHuil BUTJIAL MOHOKPHUCTAIY BOJb(PPaMy y BUTJIA/l TOPOIKHUCTO-
ro Tija obepranusg (I 85 Mmm).

Fig. 5. The general view of a tungsten single crystal in the form of a hollow
body of rotation (J 85 mm).

ILJIAa3MOBOiHIYKIIiAHOTO 30HHOT'O TOILJIEHHA BOJIb(pamMy He BimOyBaioTh-
cs. Pe:xuMu TOmJIeHHS BiAIpamboOBYBAJIM 3a YMOBHU CTA0iILHOCTH CIIiB-
BiTHOIIIEHHA JiHIMHOI MIBUAKOCTY PYyXY JOKaJbHOI BAaHHU Ta IIIBUIKOC-
TH IIOJaYi IIPyTKAa.

Y mpolieci BUpPOLIYBAHHS IIiATBEePAKEeHO CTabiJbHICTH i BU3HAUEHO
ImapaMeTpPHu JJIA BUPOINYBAHHA KPUCTALY y BULIALL 3D-06 exTy. 3ara-
JbHA BICOTA CTiHKM HATOILJIEHOTO KPUCTAJY CKJIAJa Ipuoan3Ho 68 MM,
a Bara BUJIMBKa — 7,635 Kr 3a 30BHINIHLOTO AigMeTpa y 85 MM i TOBIIIH-
HU cTiHKku y 20—22 MM (puc. 5).

KinmeBuii pe:kuM BUPOINYBAHHS KPUCTAJTY CTAHOBUB CUJIY CTPYMY
IJIa3MOBOI AyTHU B Aiamasoni 475—500 A Ta 3araibHy HOTYKHiCTh BICO-
KouacToTHOro reHepatopa v 170 xkBt. 3a mBHAKOCTH IepeMillleHHs
BaHHU BifTHOCHO BMJIMBKA B Me:xkax 15—16 MM/XB. Maca Kpamejb, IO
GhOpPMYIOTHCA Ta MIEPEXOAATH 10 JIOKAJIbHOI BAHHY, ITPUOJIN3HO JOPiBHIOE
Bix 1,31 mo 1,4r; macoBa HIBUAKICTHL BUPOINYBAHHSA CTAHOBUTH 14—
15 r/xB. [Ija mOBepXHi MOHOKPUCTANY XapaKTEepHOIO € He3HauHa peo-
pHuCTiCTh, SIKA OB sI3aHA 3 IIOIIAPOBUM (PopMyBaHHAM. TOBIIMHA HAa-
PpoIlleHOT0 MOHOIIIapy cKaagace 2,3—2,4 MM.

Haa mocaimKeHHA CTPYKTYPHUX OcobJuBOCTel (hopMyBaHHSA KpUC-
Taly BUJIMBOK BOJIb(pamMy OyJIO pPO3pisaHo Y BepTUKAJILHUX i TOPMU30H-
TaJbHUX ILIOIMMHAX (puc. 6).

JocaimxeHHsa MiKPOTBEPIOCTH ITOKA3aJI0 CepeIHE 3HAYEHHA 11 Bep-
TuKaabHOI miomuuau y 4150 MIla, a gima ropusonransuoi — 3840 MIla.
SlckpaBo BupakeHa PLKHUIISA MIKPOTBEPAOCTH y Pi3HUX ILJIOIIHMHAX
BKa3ye Ha aHi30TPOIIiI0 BJIACTUBOCTEM, 0 IpUTaMaHHa MOHOKPUCTAJI-
yHi# cTpyKTypi. KonBanusa smaueHb MiKPOTBEPIOCTHA B OMHIiM MJIOIIH-



68 I0.0.HUKUTEHKO, B. O. ITATIOBAJIOB, B. B. AKVYIIIA, O. M. THI3INJIO

a 0

Puc. 6. Pospisanuii BUINBOK MOHOKPHUCTAIY BOJb(MPaMy y BUTJIAl IOPOIKHIUC-
TOTO Tisa o6epranusa (J 85 MM): 3aPOAKOBUI KPUCTAJ i3 3aJUINTKaMU HATOILIE-
HUX II1apiB (a), BepXHA HATOILJIeHA yacTuHA (0).

Fig. 6. Cut tungsten single-crystal ingot in the form of a hollow body of rota-
tion (J 85 mm): seed crystal with remnants of clad layers (a), upper part (6).

Hi y Mme:kax 10% MOKJIMBO MOACHUTH HEOTHOPiAHICTIO OyI0BU MeTaJie-
BUX MOHOKPUCTAJIB, IO CKJIaJal0ThCA 3 CY0OJI0KiB i cy03epeH 3 MaIuMu
KyTaMu ge3opieHTarrii mo 3°.

I'yeruna guciokaiiii p cranoBuTs (4—6)-107 em 2. OgHak 3adikcoBano
30HU 3 MiHiMaJbHUM PO3IOAIJIOM JUCIOKAIiliHOI rycTunu i3 (2—4)-10°
cm? i maxkcumanpEuM 10 (2-3)-10%cm 2. XapakxTep AuUCIOKAIiiHOI
CTPYKTYypU Tako:K pisHmii. Ha Tii cMyr KoB3aHHS AUCJIOKAIIIN i gucio-
KaliliHUX IIeTejlb, XapaKTePHUX A BHYTPIIIHBOro 06'eMy MeTasy,
IIPOCTEIKYIOThCA HePeryaapHi guciaoKaliiiai ckymuenusa. Cyomerxi ma-
IOTh TaKOYK HEOSHOPIAHOCTI V BUTJIALL AUCJIOKAIIHUX CILIETiHb 3i 30i-
JIBIIIEHHSAM T'yCTUHU gucjokamiin Bixg p=(1-4)-10%cm? go p=10%cm%;
IPUYOMY CIIOCTEPITaOThCA I'PAZi€HTH IO T'YCTHUHI JUCIOKAIIIN MisK BHY-
TpimHiMu 06 emamu cy6sepen (p=(2—-4)-10°cm?) i ixHiMEH Mexamu
(p=10°cm7?).

XapakTep IOUCIOKAIIMHOI CTPYKTYPH ONHOPiAHUI: AUCIOKAIiiiHi
MeTJIi MaloTh YiTKUU pesibed), BUAHO NUCIOKAIil pisHOro 3HAKY, AKi py-
XalThCA B IPOTUJIEKHUX HAIPSAMKAX, IO CBiAUYNUTD PO iX aHiriaAmiro
(puc. 7, a). CyoeTpyKTypa Mae 4YiTKi cyOMerxki 3 oqHOPigHOIO AMCIOKA-
I[IHOIO CTPYKTYPOIO, 6e3 I'PAi€HTIiB I'yCTUHU AUCIOKAIlil, a TAKOXK 3a
BiZcyTHOCTH! IX MiX BHYTPIIIHIM 006 €MOM 3epeH i MiK3epeHHUMH Me-
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a 7 7 . 7 8

Puc. 7. [luciokaliiHa CTPYKTypa MOHOKPHUCTAIY BoJabppamy: 06'emM merany (a),
migMesKoBi Ta BiAmMoBigHI MiKpoenreKTpoHHI audpaxTorpamu (6), JiHii KOB3aH-
HS IUCJIOKAIlii (8).

Fig. 7. Dislocation structure of a tungsten single crystal: metal bulk (a), sub-
boundary and corresponding microelectronic diffraction patterns (6), slip
lines of dislocations (8).

skamu (puc. 7, 6). JIimii KoB3aHHS AUCIOKAIIiN, IIT0 PYyXAaIOThCA B iHIITIH
IJIOIIMHI, IepeTHHATh CyOMeNxi, 1110, BiAIOBigHO, He IPUBOAUTH O
ixHiX CKymueHb (puc. 7, 8). PopMyBaHHSA CTPYKTYP TAKOT0O TUIY CIPUAE
301JIBITTIEHHI0O MOJKJIMBOCTEI IJIACTMYHOI peJjiakcalrii BHYTPIiIlIHiX Ha-
IpysKeHb y MeTaJIi ToCHiA:KyBaHOoT0 3pasKa.

Amnajiza moxasaja CIagKOBiCTh CTPYKTYPHU BiJi MOHOKPUCTAJiYHOTO
3apOJIKOBOT'0 KPUCTAJy Ta BCi 0BHAKM MOHOKPMCTAJIUHOI CTPYKTYPHU V
BChOMY KpucTayi. Po3paxyHOK KyTiB Je3opieHTaIrii mo audpakmiioanx
KapTHUHAX 3 eJIEMEHTIiB CyOCTPYKTYpPH IIOKa3aB < 2°.

4. BUCHOBKH

BIE3 im. €. O. ITatona HAH Ykpainu cTBOpeHO YHiKaJIbHY T€XHOJIOTiIO
BUPOIIYBAHHSA MOHOKPHCTAJIB TSKKOTOIIKUX METAJIiB Y BUTJIAAL ILIac-
rH 170x160%x20 MM i Tinm obepramua (IuaiHAep) aisMmerpom y 85 MM.
HacTynHrM KPOKOM CTaJIO BiAIIpaIllOBaHHSA TEXHOJIOTiI BUPOIIYBaHHS
MOHOKPUCTAJIIB BOJIb(ppPamMy y BUTJISALL MOPOKHUCTUX TiJ obepranusd. By-
JIO BUPOIIEHO BUINBOK (& 85 MM) 3 TOBIMHOIO cTiHKM ¥ 20—22 MM i 3a-
BBuIiKu y 68 mm. Taxa ¢opmMa yMOKJIUBUTE 3aCTOCYBATU BOJIb(PaAM Y
AKOCTi TPyOHUX 3aTOTOBOK, IJISI BUTOTOBJIECHHS €JIeMEHTIiB 3i CKJIATHOIO
KPUBUHOIO UM TO TUTJiB.

JocaimxkeHo CTPYKTYPY Ha IpeAMeT BKJIIOUEHb, OpieHTAIlil CTPYKTY-
pP¥, MiKPOTBEPAOCTH, PO3MOALITY AUCJIOKAIii. BcTaHOBIEHO, IO BUJINB-
KM MalOTh KPUCTAJIIUHY CTPYKTYPY, AKa BU3HAUAETHCSI CTPYKTYPOIO 3a-
poaxoBoro kpucraiy. IlokazaHo SsCKpaBo BUPasKeHY aHi30TPOIii0 CTPY-
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KTypH, IO CBIJUNTEL IPO MOHOKPUCTAJIUHY OyaoBy. I'yCTHHA AMCJIOKA-
i cranoBuUTh (4—6)-107 cM 2, KyTH AesopieHTaIlii cy63epeH He IepeBu-
ITyIOTh 2 I'paxyciB.

Pobory BuKOoHaHO B paMKax OpoeKTy MimicTepcTBa ocBiTu i Haykmu
Vxpaiau (Haxas Bixg 02.02.2021 Ne 134 «IIpo dpimancysanua y 2021 p.
HAYKOBO-TeXHIUHMNX POOIT B paMKax BUKOHAHHSA AeP:KaBHOTO 3aMOB-
JIeHHS Ha HAYKOBO-TeXHiuHi (eKcImepHMMeHTAJNbHi) PO3POOKHU Ta HAYKO-
BO-TeXHIUHY IIPOAYKIIiio»), 3rimHo 3 moroBopoM Ne [13/103-2021 Bin
09.03.2021 p. «Pospobienna immosaiifinoi 3D TexHOJIOTiII BUPOIIY-
BaHHS MOHOKPHUCTAJIIUHIX TUTJIIB i3 BOJIb(ppamy».
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Pouab Ky10HIiBCBKOTO BUOYXY B 3apOAKeHHi medopMamiiiHux
TPiluH (IUCKYCiHI MOBiTOMIEHHT)

M. O. Bacunbes, B. M. Mopaiok

ITnecmumym memanogisuxu im. I'. B. Kypdomosea HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

Y po0oTi 3amIpOmOHOBAHO TiMOTE3y AMCJIOKAIIHHO-eJIeKTPOHHOT0 MeXaHi3My
BUOYXOMOAiOHOrO XapaxKTepy 3apoiKeHHA medopMaiifiHMX TPIIUH y MeTa-
nax. B ocHOBI 11i€l rimoTesu JeKUTh KYJIOHiBChbKEe BiIIIITOBXYBAaHHS IIO3UTUBHO
3apsAOKeHUX HOHIB 3 IMOPYIIEHHAM HeHTPaJbHOTO CTaHy HOHHO-eJIeKTPOHHOIL
CHUCTEMU B KPUCTAJIUHIN I'PATHUILI, 10 HPUBOAUTH SO HAHOJOKAJIBHOTO KYJO-
HiBCBKOTO BUOYXY Ta BUHUKHEHHSA 3aPOAKOBUX TPillTUH.

KarouoBi croBa: KpucragiuHa I'DAaTHUIA, TPiIUHYM, OUCJIOKAIii, €JIeKTPOHU,
KYJIOHiBCbKUI BUOYX.

The paper proposes the hypothesis of the explosive-nature dislocation-
electronic mechanism of the deformation cracks in the metals’ nucleation.
This hypothesis is based on the Coulomb repulsion of the positively-charged
ions. when the neutral state of the ion—electron system in the crystal lattice
is disturbed that leads to the nanolocal Coulomb explosion and the appear-
ance of the nucleated cracks.

Key words: crystal lattice, cracks, dislocations, electrons, Coulomb explo-
sion.
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1. BCTY1II

@DisuuHOI0 OCHOBOIO BUHUKHEHHS «KYJOHIBChKOTO BuOyxy» € KysoHiB
sdakoH, BcraHoBigeHuit IIlapaem Oriocremom Kymaomom (Charles-
Augustin de Coulomb) y 1785 porti [1]. Ileit 3akoH XapaKTepusye CUIy
B3a€EMO/Iil MiK JBOMa TOUKOBUMMU €JIEKTPUUHUMU 3apAgaMU Y BaKyyMi.
Bigmosigzo mo KysonoBoro 3akoHy, cuuaa Fiz Ja€ThCs BUPA30M:

b = 4Zf2r2 ’

0'12
e ¢1 Ta g2 — 3apAIU IBOX YaCTUHOK, I'z — BifmaJb MisK HUMU, a & —
eJIeKTPUYHA cTajia. TaKUM YMHOM, CHJIa B3a€MOJii ABOX TOUKOBUX 3a-
paniB vy BakyyMi mpomopififina ixHiM BeauuynHaM i 00epHEHO IIPOIIOP-
ImiiHa KBagpary Bigmasuai misk Humu. jia pisHMX 3HaAKiB 3apsAxiB BoHA
XapakTepusye CUJIy MpUTAraHHA (abo cUJy BiAINITOBXYBaHHA 3a OJHA-
KOBUX 3HAKiB 3apsAmiB).

Ax Bimomo, metas 36epirae ¢cBoi 00’eMHY (POpPMY 3aBOAKU TUHAMIY-
Hi#l piBHOBAa3i eJIEKTPOCTATUYHUX CUJI B3aEMOMil MOHIB KPUCTATIUHUX
I'PATHUID i3 HABKOJUIIIHIMY BaJ€HTHUMU eJIeKTpoHaMu. Takum YnHOoM,
IaHy 3apsAOOBy PiBHOBAry 3yMOBJIEHO HEHUTPAJbHUM CTAHOM HOHHO-
eJIEKTPOHHOI cucTeMu. SIKIIO 3a MOIOMOTOI0 Oy Ab-AKMUX 30BHIIITHIX eHe-
PreTUYHUX BILIMBiB MOPYIIUTH I[}0 PiBHOBATY, MOKHA OUYiKyBaTH IIPO-
SIBU «KYJIOHiBCBKOTO BUOYXY» SIK HACJLLOK BiAINITOBXYBaHHS ITO3UTUB-
HO 3apsa:KeHnX HNOHIB y pasi mopylieHHS HEUTPaJbHOTO CTaHy MOHHO-
€JIEKTPOHHOI CCTEMHU B KPUCTAJNIUHi I'PATHUIII TBEPIOTO Tija.

CoouaTKy icHyBajia AYMKa, IIIO IIPOIleC KYJOHIBCBKOTO BUOYXYy Mae
raJbMyBaTHCA Y MeTajJaX, OCKiJIbKY e(eKT eKpaHyBaHHs (HeHdTpaJisa-
i) y HuX mepeBaskae 3a HaABHOCTU BEJIMKOI KiTbKOCTU BiJIBHUX €JIEKT-
POHIB (eJIEKTPOHIB HPOBiJHOCTM) 3 BUCOKOIO0 pyxJausicTio. OmHaK pe-
3yJIbTaTH HEJJaBHiX TEOPEeTUUYHUX PO3PAXYHKIB Ta eKCIIePUMEHTIB MOKa-
3aJiu, IO €JIEKTPUYHI II0JIsd, IO T'eHePYIOThCs, HAIPUKJIAL, 30ymKeH-
HAM (HeMTOCeKYHIHUM Ja3epPHUM iMITyJIbCOM ITiJl UaC IIeBHUX PEKUMIB,
3a0e3MeuyoTh BUHUKHEHHSA B IIOBEPXHEBOMY Iapi epeKTy KyJOHiBCh-
KOT0 BUOYXY, III0 IPUBOJUTD O PO3PUBY XeMiUHUX 3B’aA3KiB. MoKju-
BicThb peasisarii Takoro KyJJoHiBCbKOI'0o BUOYXY B MeTajax OyJio mepea-
b0aueHo y poborax [2—4].

Sk mMoKasayu TeopeTUUHi ¥ eKCIlepUMeHTaJbHI po00TH, KYJOHIBCH-
Kuii BUOyX y MeTaJeBUX MaTepifgax MOKJINBUNM B yMOBaX, 3a AKHUX
€HepTrisa OCIUJIAIINA BaJeHTHUX eJIEKTPOHIB HabaraTo mepeBUINyE eHep-
riro @epmi Ta pobory Buxony. Taka MOKJIMUBICTE i pearidyerbed mig uac
OIIPOMiHEHHSA MeTaJly MOTY:KHIiM (DeMTOCeKYHIHUM iMITyJIbCOM YJIbTpA-
(dioseToBOTO JTA3€PHOTO BUIPOMiHEHHA, 30KPeMa, 3a HACTYITHUX PErKU-
MiB OIpOMiHIOBaHHS OJsA mocaimkenux meraais: Al (800 M, 90 de,
17,7 I cm2); Cu (800 am, 100 dc, 100-400 m I cv2); Au (800 uMm,
25 @, 400 mIx cm2); Ag (800 um, 75 dc, 300 mIx cm2). 3a BKasaHux
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PeXUMiB I10JIe JIa3epPHOTO BUIIPOMiHEHHS IIPOHUKAE ¥ MeTaJ 0e3 mocJia-
OJIeHHS, IPUBOSAYUN €JIeKTPOHU B OCIIMIAIIAHII PyX 3 eHeprieio, Haba-
raTo GiJIBIIIOI0 3a POOOTY BUXOLY, IO JAa€ 3MOTY iM JIETKO 3aJIUIIIaTH Me-
Tay 0e3 HIoro iCTOTHOTrO PO3irpiBy, MOJUIIAIOUYN IIO3UTHUBHO 3apamKeHi
aToMu KpucTaiunoi rpatHuIi [5—13].

IamuM mpukIamzoM peatisailii KyJoHiBCBKOro BMOYXY B MeTaJjax
MOJKe OyTH JOCHiM:KeHHs MPUPOAU BUHUKHEHHA TAKOTr0o ABUIIA 3a B3a-
eMomii Jy:KHUX MeTaJiB 3 Bomomo [14—24]. 3a B3aeMoAii JTyKHOTO MeTa-
JIY 3 BOJIOIO KYJIOHIBCBbKUIT BUOYX BUKJINKAETHCA MACOBUM 3apsaA0M IIO-
BEPXHi piZKOro mMerajy 3 IIBUAKOIO MIiI'paIli€io eJIeKTPOHIB y BOAY, IO
nmepenye i pakTUUHO cIpusae mepebdiry Bigmomoi BuOyxomebe3meuHol pea-
KIIii piaxoro mysxHoro metainy (Na, K) 3 Bogoro 3a KiMmHaTHOI TeMIiepa-
Typu. I1i eIeKTpOHU IPOHUKAIOTh ¥ BOAY Ta CIPUAIOTH mepebiry peakirii
3 YTBOPEHHAM MoJIeKyJaAapHoro I'izporeny Ta rizpokcusy B mpoIiieci pea-
KIIii, AKy panimie 6ysgo saMomeaboBaHO y poborax [25, 26]. Haiibinbim
BasKJMBUM JIJIA I[OTO SIBUIIA € Te, III0 TAKUM YMHOM IIOBEPXHS KJacTe-
pa JIy;KHOTO MeTaly Ha0yBae BEJIMKOT0 IO3UTUBHOTO 3apPAAy IIPAKTUUYHO
Bifpasy micyis KOHTAKTY 3 IIOBEPXHEIO BOAU TOBIMHOIO 01n3bK0 0,5 HM.

IIle ommu i3 mpuKJIamiB peasisalii KyJIOHiBCbKOTO BUOYXY B HaMiBII-
POBIIHUKOBUX i MeTajleBUX MaTepisdjiax HaBeJeHO y TEOPeTHUYHUX Ta
eKCIIepIMEHTAJIbHIX PO00Tax, IMOB’ A3aHUX 3 PO3MOPOIIIEHHAM MillleHe
iHTEHCUBHUMHU ILJIa3MOBOMOHHUMHU NOTOKamMu. ABTopamu [27-29] me-
penbauaeThca, 110 e(PeKT aHOMAJIHLHOTO PO3IOPOIIEeHHA iHTeHCUBHUMU
IIJIa3MOBOMOHHUMMU IIOTOKAMM ITOBEPXHI MiIleHi moB’A3aHUM 3 eMiciero
eJeKTPOHIB i JaBUMHOMOAIOHMM 3MEHIIEeHHSIM IIOBepXHEBOI eHeprii
3B’A3KY MOHiIBOBaHUX aToMiB (Koresii). OcTaHHE IIPUBOAUTHL OO KYJIO-
HiBCBKOT'0 MiKpOBUOYXY 3 YTBOPEHHAM KpaTepiB PO3IMOPOIIeHHA Mile-
Hiy BUI'JISA1 KJIacTepiB.

2. TUCJIOKAITIMHI MEXAHI3MHU 3APOJSKEHHA TA
3POCTAHHA TPININH

Bigomo, 1110 pyHHYBaAHHA TBEPAUX TiJI € CKJIAZHUM OaraToCTamiHHUM i
pisHOMAacCIITAOHMM KiHeTHMYHHM mpoliecoM. OmHieo 3 PyHIaMEHTAIL-
HUX IpobJjeM PisMKM MiITHOCTH € BCTAHOBJIEHHS MeXaHi3MiB YTBOpPeHHS
Ta PO3BUTKY MiKpoTpimuu y TBepaux Tijnax. Hemepenmbauene pyiHy-
BaHHSA KOHCTPYKI[ifl BUKJIMKAETLCA, AK IIPAaBUJIO, IIOCTYIOBUM abo
IIBUIKUM IIOIINPEHHAM Yy HUX TpimuH. HebesmeuHnMu cTaOThL TPimiu-
HY MEHIIIOT'0 PO3Mipy, 3IaTHI IIepexXoAnTH! B KPUTUUYHY CTaIil0 Bimpasy
JK MicJIs yTBOpPeHHS abo IIBUAKOTO 3POCTAHHS ITi/T HABaHTAKEHHAM. 3a
MeBHUX MeXaHiUHWX HAaBaHTAKEHb B OKPEMHX O0JIACTAX METaJIeBOTO
3pasKa HalpyKeHHA IIEPEBUIYIOTh MEXY MIITHOCTH MeTaJsy, 110 IIpu3-
BOJIUTH 10 fioro pyiiHyBaHHA. 1lell mpoliec CKIafaeThCA 3 HUBKM MOCJi-
JOBHUX CTAAiM, IIT0 BKJIIOUYAIOTH 3aPOKeHHA CYOMiKPOCKOIIUHIX 3ap0-
nxoBux TpimmuH (3T), momanbliiie 3pocTanuAg iX i, HapeITi, MAKPOCKOMi-
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YHUH MOALT 3paska Ha okpeMi uactunu [ 30—42].

BcranoBiaeHHsa (ismyHUX MexaHi3MiB 3apo/i»KeHHA Ta Aedopmalrii y
BepmmHax 3T € HallBaXKJIUBIIINM 3aBIAHHAM CYyUYacHOI MeTaJao(i3uKH,
BpaxoBylouu, IM0 JgedopMalliiiHo-HaNpPy KeHU cTaH y BepIIUHAX TPi-
IUH CKJIATHIIINHN, aHiK y 00JIacTaX 3 OTHOPiAHOIO JedopMalliero. 30K-
peMa, BBaXKa€ThC, M0 MPUUNHO yTBopeHHA 3T € HeogHOPigHICTE IIe-
pebiry mikpomractTuuHOl medpopMalrii y TBepAnX Tijax, IKa 3yMOBJIIOE
BUHUKHEHHS HA JIOKAJbHUX MiIAHKAX KPUCTATIUYHUX I'DATHUIL IIOTY-
JKHIX IOJIiB MiKpOHaANPY:KeHb, JOCTaTHIX AJisa yrBopeHHA 3T.

Y mepeBakHil OiIBITOCTI BUMIAAKIB Iepebir maacTuuHol medopmarrii
IIOB’A3aHUI 3 PYyXOM i POSMHOKEHHAM Auciaokaiiii [43]. B pesyabrari
PYXy Ta B3aeMOJii MMCJIOKAIlilfl 3a pisHOMaHITHMX 30BHINIHIX BILJINBiB
Ha KPHUCTAJ YTBOPIOIOTHCA CKJIANHI AucIoKaIiini amcam6ui. Ixmiit
BILIMB HA MeXaHiuHi BJIACTHMBOCTI KpucTanxy OyJe iCTOTHO pisHMM, 3a-
JIe;KHO Bij BroprepcoBux BEeKTOPiB, TYCTHHU Ta PO3IIOAIiIY JUCJIOKAIIil B
aHcaMOIAX.

Hucnoxarmifina mpupoaa sapomxenasa 3T posrasagaeTbca B faHU yac
HaMOLIBII HMOBipHOIO. 3aIpPOIIOHOBAHO KiJbKa AUCIOKAIIAHMUX CXEeM
YTBOPEHHs cyOMikpoTpimuu. BiagmoBimmo mo malimpocTimioro mMomesio
Crpo—MorTTa, cuibHa KOHIIEHTpAIlid HAIpPysKeHb, JOCTATHSA IJSI 3apO-
MKeHHA TPITUHN, BUHUKAE, KOJU Iepel Pi3HUMU IIepelrKogaMu YTBO-
PIOIOTHCA MJIACKI CKYITUeHHS KOB3HUX AMCJIOKAaIliii. 3a iHIIMuM MexXaHis-
MOM, 3ampomoHOBaHUM KOTTpeysioM, AMCJIOKAIlii pyXaloThCsa B IBOX
CMY’KKaX KOBBaHHS, IO IIE€PEeTHHAIOThCA. Ba [1JIMaHOBAM MOJeIeM
OUCJOKAIlil MOMKYTh HAKOIMUYBATHCS 0iJid MeyKi 3epHa Ta BOJHOUYAC Bi-
I0YBaeThLCS BUTUH CMYTU KOB3aHHA I TPilWHa PO3KPUBAETLCA B ILIO-
mrHi KoB3anHAa. OpoBaHIB MOAeJb 3aCHOBAHNI HA MEePEeTHUHI BepTUKA-
JbHUX OUCJIOKAIIIMHUX CTiH cCMyraMu KOB3aHHA i CUJIBHOI Je30pieHTaIil
cy03epeH Ta oOpuBY cyOMesK. ¥ Bcix Bunmagkax aada popmyBanud 3T mHe-
00XimHuiT po3pUB MisKaTOMOBUX 3B’sI3KiB, BeJIMUMHA AKX 3HAUHO Me-
HIITa 3a TEOPEeTNUYHY MiIHicTh Ha po3puB. HadaBHI (hpeHOMeHOIOTiUHI Teo-
peTuYHi Mojesi He HAalOTh YABJIEHHS IIPO IIPUPOAY PO3PUBY MisKaTOMO-
BUX B3B’A3KIiB i3 YyTBOpeHHAM HOBUX IIOBEPXOHb Ha aTOMapHO-
MOJIEKYJISTPHOMY I e IeKTPOHHOMY PiBHAX.

3. EJIEKTPOH-TUCJIOKAIIIMHI B3AEMO/III

Sk moxasasu YnCcJIeHHI TEOPeTUYHI i1 eKCIIepuMeHTAJbHI JOCIIi:KeHHd,
IUCJ0OKAIli]l BIIJIMBAIOTDh HE TiJIBKM Ha MeXaHiuHi XapaKTepUCTUKU KPU-
CTAIiYHUX MAaTePiAJiB, TaKUX IK MIITHICTB i JIaCTUYHICTD, ajie i Ha pi-
3Hi pyHIaMeHTaNbHI hisuuni BaactuBocTi [44—-50]. Bunukuenusa obip-
BaHMX aTOMOBHX 3B’fA3KiB y AJpi AucIOKAIlil MOXKe BeCTH O 3aXOILIeH-
HS eJeKTPOHIB i IIOB’A3aHOT0 3 I[UM BILIMBOM JHCJIOKAIlil Ha eJTeKTpuU-
HUH OIIip, JIIOMiHEeCIIeHTHI Ta MarHeTHi BJacTUBOCTI Marepiday. Bimo-
MO, IITO AUCJOKAIlil, AKi 3HaXO04ATHCA B HAIIIBIPOBiJHNKOBOMY KPHCTAa-



POJIb KVJIOHIBCEKOI'O BUBYXY B 3APOIYKEHHI IE@OPMAIIVHWX TPIIIWUH 75

Ji, € eJIeKTPUYHO aKTUBHUMH Ta 3ATHI iCTOTHO BIJIMBATH Ha €JIEKTPO-
disumuni mapamerpu kpucraay [51, 52]. Kpim mporo, y aiteparypi ana-
JiByIOThCA MUCJOKAIiMHI cxeMu 3apoj:KeHHSA MiKPOTPillIMH 3 ypaxy-
BaHHAM Tiei oOcTaBMHM, IO AUCJIOKAIIl y HaImiBIPOBIJHUKAX € 3aps-
IyKeHUMHU. Big rycTuHY JMCIOKAIiNHNX 3apALiB BiAIIOBiTHO 3MiHIOETE-
cd 1 yMOBa 3apoI:KeHHsa Tpiuau [53-57]. BogHopas 3azHauaeThC, 110
KYJOHiBChbKa €JeKTPOCTaTUUYHA B3a€EMO/Iid MOpPiBHAHHA 3 IPYKHBOIO i
MOKe 1CTOTHO BILIMBATH HA PiBHOBAKHI MOJIOKEHHSA 3apAMKEHUX IVIC-
JOKAIlill Y CKYIIUYeHHi, III0 IPUBOAUTEL M0 iCTOTHOI 3MiHM yMOBH 3apo-
MKeHHA B HUX Mikporpimmuu. 3rigmo 3 [51], y HamiBIpoBiZHUKOBOMY
KPHCTAaJIi AApo AUCIOKAIlil MOoKe a00 HaKOIIMUyBaTH y co0i 3apAnu, abo,
HaBIIaKW, BiggaBaTH iX, TOOTO Ma€ Miclle HAIJUINIOK i medinuT (1momo
0T0 cepeIHbOT0 3HAUEHHA B KPUCTAJ1) TYCTUHU eJIEKTPOHIB.

Y meranax moiisa medopMariiii ZUCJIOKAIiA XapaKTepPU3yIOTLCA IIPO-
TSXKHIMUI 00JIaCTAMH 3TYIIEHHS Ta PO3PIMKeHHA 3apAny HOHHOTO Kic-
TsAKa Kpuctaiay. Taki HeOqHOPiZHOCTI eKPaHyIOTLCA eJIeKTPOHAMM IPO-
BigHOCTHM, IO IIPUBOAUTEL A0 IIOSBH HABKOJIO JiHIHHUX me()eKTiB Heox-
HOPiZHOTO PO3IOALNY eJIeKTPOHHOI I'YCTHUHU ¥ eJIEKTPOCTATUYHOTO TO0-
TeHIiAay. BHacHioK IbOro iCTOTHO 3MiHIOETHCA XapaKTep pyXy Ta
CTPYKTYPU €HEPTeTUUHOTO CIEKTPY AK OKPEMOTO eJIeKTPOHA, TaK i KO-
JEeKTUBHUX ILJIA3MOBHUX MOJ. BCcTaHOBJIEHI 3MiHM, 3yMOBJIEHI BIIJIIBOM
OUCJIOKAIlill Ha eJeKTPOHHY CTPYKTYPY MeTaJy, IPUBOAATE A0 MEeBHUX
3MiH (pismuHUX BiacTuBocTeil. [lo ocTaHHIX MOYKHA BilHECTH, 30KpeMa,
poboTy BUXOIy Ta KOHTAKTHI ABUIA, HAMArHETOBAHICTh, €JIEKTPOOIIip,
OIITHYHi ABUIIA, IIOB’A3aHI 3 MJIa3MOBUMHU BJIACTUBOCTSIMHU €JIEKTPOHIB
mpoBigHOoCcTU [568—64]. EdexTn BOIMBY clabKuMX MarHeTHUX ITOJIIiB Ha
MexaHiYHI XapaKTepUCTHKU MeTaJiB TaKOXK IOACHIOIOTHCA MOCHUJIEH-
HAM IUHAMIYHOIO TaJIbMyBaHHS AUCJIOKAIill eJJeKTPOHAMU IIPOBigHOC-
1 [65—-69].

B paMmKax rimoresu, 3aIpOIOHOBAHOI aBTOpaMu JaHOI POOOTH, BaK-
JIUBO BimsHauuTy mpunyineHHsa aBTopis [ 70] mpo Te, 110 yrBopenua 3T y
BePIINHI AMCIOKAIIMHOTO CKYHUEHHS Ma€ «BHUOYXOHOMiOHMII Xapak-
Tep».

4. BUCHOBKH

Hasenena Bullle aHaJjisa JiTepaTypHUX JaHUX PO MeXaHiBMU IIPOABY
edeKTiB KyJOHiBCbKOTO BUOYXY Yy Pi3HHMX MeTaJeBUX MaTepidaax mae
aBTOpaM JaHOI POOOTH MOKJIMBICTL 3aIIPOIIOHYBATH TillOTe3y, sSIKa IIO-
SACHIOE «BUOYyXomomiOumii xapaxktep» BuannKkHeHHA 3T. B ocHOBI 11i€i ri-
OTe3H JieXKaTh HACTYIIHI (DisUYHI moCcTyIaTH.

1. Mexanism nmiactTuvyuoi gedopmaliii 3yMOBIEHUN PyXOM i pO3MHO-
JKEHHAM JTUCJIOKAITiH.

2. 3apomxenna 3T BimOyBaeThcsa y Micmax gedopMaIiiHUX IHCJIO-
KaIlifl Ta iXHiX CKyITYeHb.
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3. [lucaoKariii € eJIeKTPUYHO AaKTUBHUMMU Ta 3JaTHi iCTOTHO BIJIMBATH
Ha eJIeKTPOo(di3MUHi BJaCTUBOCTI MeTaJeBOT0 KPUCTAIY.

4. HaBkoio gimiiinux ge)eKTiB € HeOTJHOPiZHUHN PO3TOIia eJIeKTPOH-
HOI I'YCTUMHU ¥ eJIeKTPOCTATUYHOTO ITOTEHITiANY.

5. IInaxoM TYyHeJIbHOTO MeXaHi3My UacTUHAa eJeKTPOHIB IIPOBigHOC-
TU Ma€ MOKJIMBICTD IIEPEXO]TY B CTPYKTYPY AMCIIOKAILiH, IIT0 TPUBOAUTH
10 BUHMKHEHHSA IMO3UTUBHO 3apAIKeHNX HOHIB aTOMiB KpPUCTATIUHUX
I'PATHUILh Y HAHOPO3MipHil miadHIIi.

6. KyoHiBChbKE BiAIIITOBXYBAaHHA IMO3UTHUBHO 3apPAIKeHIX MOHIB Ue-
pe3 MOpPYIIeHHA HeHTPaJbHOI'O CTAHY HOHHO-EJIEKTPOHHOI CHUCTEMU B
KPUCTAJIIYHINA I'PATHUIIL TBEPAOIrO Tijia IPUBOAUTEL OO HAHOJOKAJIHLHOTO
KYJOHiBCbKOTO BUOYXY Ta BuHuKHeHHA 3T.

7. 0mxe, MexaHisM BuHnKHeHHA 3T Mae eleKTpoCTaTUUHY ITPUPOLY.
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