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Theory of Spin Waves in an Easy-Plane Ferromagnetic Nanotube
with a Spin-Polarized Current

V. V. Kulish

National Technical University of Ukraine ‘[ gor Sikorsky Kyiv Polytechnic Institute’,
37 Beresteiskyi Ave.,
UA-03056 Kyiv, Ukraine

In the paper, dipole—exchange spin waves in a nanotube composed of an easy-
plane ferromagnet in the presence of a spin-polarized current are studied
theoretically. The magnetic dipole—dipole interaction, the exchange interac-
tion, the magnetic anisotropy, the dissipation effects, and influence of the
spin-polarized current are considered. For such spin waves, an equation for
the magnetic potential is obtained and (for the case of longitudinal-radial
waves) solved. As a result, the dispersion law for such waves is found. This
dispersion law is complemented with the relation between the wave-vector
components, which is shown to degenerate into a quasi-one-dimensional val-
ues’ spectrum of the orthogonal wave-vector component nearly everywhere.
As shown, in most cases, influences of the spin-wave dissipation and spin-
polarized current on the real part of its frequency are negligible. Branches
(which correspond to different orthogonal modes) of both the real and imagi-
nary parts of the dispersion law are shown to be close to parabolic ones; dis-
tance between branches increases with increase of the mode number. Pres-
ence of the spin-polarized current can strengthen or weaken the spin-wave
damping, creating the ‘effective dissipation’ and, in some cases, leading to a
spin-wave generation. The condition of such a generation is found as well as
limitations on the transverse modes’ number, for which the generation is
possible. As shown, for typical values of nanosystem parameters, only first
several modes can be excited via such generation (in most cases, only zero
mode or none). The method proposed in the paper can be applied to nanotubes
(and other nanosystems) of more complex configurations.

Key words: spin wave, nanomagnetism, dipole—exchange wave, ferromagnet-

Corresponding author: Volodymyr Viktorovych Kulish
E-mail: kulish_volv@ukr.net

Citation: V. V. Kulish, Theory of Spin Waves in an Easy-Plane Ferromagnetic Nano-

tube with a Spin-Polarized Current, Metallofiz. Noveishie Tekhnol., 46, No. 2: 81-96
(2024). DOI: 10.15407 /mfint.46.02.0081

81


https://doi.org/10.15407/mfint.46.02.0081
https://doi.org/10.15407/mfint.46.02.0081

82 V. V.KULISH

ic nanotube, easy-plane ferromagnet, spin-polarized current.

VY craTTi TEOPETHUUYHO AOCIiIKEHO AUMOJIbHO-OOMiHHI CIiHOBI XBHMJII B HAHOT-
pyoOmi 3 JIeTKOILJIOIIMHHOTO (pepoMarHeTHMKAa 3a HAABHOCTH  CITiH-
MOJIAPU30BAHOTO CTPYMY. BpaxoBaHO MarHeTHY IUMIOJIL-TIUIIOJLHY B3a€MO-
Iir0, OOMiHHY B3a€MO/Iil0, MAarHETHY aHi30TPOIIi0, e(DeKTH AUCHUIIAIlil T BIJIUB
CIIiH-IOJIAPMB0BAHOTO CTPYyMY. 14 3a3HaUEeHUX CIiIHOBUX XBUJIb OJIEPKAHO Ta
(ma MO3MOBKHBO-PANiITIFHUX XBUJIb) PO3B’I3aHO PiBHAHHSA AJIA MAarHeTHOTO
noreHuiany. SIx pesysnbrar, 3HalIeHO 3aKOH Aucinepcii Takux xBuib. Ileit 3a-
KOH AUCIePCii JOMOBHEHO CHiBBiAHOINEHHAM MijK KOMIIOHEHTAMU XBUJIBOBOTO
BEKTOpa; IIOKas3aHo, IO Ile CIIiBBIOHOINIEHHS MalKe BCIOAU BUPOIKYETHCS B
KBasdWOJHOBUMIpPHHUII CHEeKTep 3HAYEeHb OPTOTrOHAJHbHOI KOMIOHEHTHU XBUJIbO-
Boro BexkTopa. IlokasaHo, 1110 B 6iJIbIITIOCT]I BUNAAKiB BILIMBY AUCHUIIAIi] CIIiHO-
BOI XBMJIi Ta CHiH-TIOJIAPU30BAHOIO CTPYMY Ha HifiCHY YAaCTHUHY il 4acTOTH €
HexToBHO Masumu. [Iokasano, mio riakm (AKi BiAToBiga0Th PisHUM OpPTOTOHA-
JbHUM MOJAM) IK AificHOI, TaK i yABHOI YacTWMH 3aKOHY Auciepcii 61u3bKi 10
napaboJiuHuX; Bigmanp MiK riixkamu 30iJbIIyeTheA 3i 30iabIIIeHHAM HOMEpa
moau. ITpucyTHiCTE CIIiH-TTOJIAPHU30BAHOTO CTPYMY MO:Ke IIOCUJII0OBATHA ab0 mo-
caabJII0BaTH 3TacaHHS CIIiHOBOI XBUJIi, CTBOPIOIOYM «e(PeKTUBHY JUCUIAIII0» 1
B IeAKUX BUIAJAKAX IPUBOAAYM O r'eHepallii criHoBOi XBwJi. S3HANEHO YMO-
BU TaKoOi reHepalrii, a TakoK 00MesKeHHA Ha KiJbKiCTh MOMEepeYHUX MOJ, I
AKUX reHeparid moskauBa. [lokasaHo, 110 414 TUIIOBUX 3HAUEHb ITapaMeTpiB
HAHOCHCTEMHU 34 TaKol r'eHepallii MoKyTh OyTH 30y KeHi JInIe MepIii Kiabka
Moz (y 6iJIbITOCTi BUMAAKIB JIMIIe HYJIbOBa MOJa ab0 KOAHO1). 3aIpoIoHOBa-
HUH y cTaTTi MeTOJ MOXKe OyTH 3aCTOCOBAaHUM 10 HAHOTPYOOK (Ta iHIIIUX HAHO-
cucTeM) OiJIBIN CKJIaJHUX KOHQPIirypaIriii.

Kuarouosi croBa: crniHoBa XBUJIA, HAHOMATrHETU3M, JUIIOJbHO-0O0MiHHA XBUJIA,
depomMarseTHa HAHOTPYOKAa, JErKOIJIOIMHHWII (epoMardeTuK, CIiH-
HOJAPU30BAHUU CTPYM.

(Received 28 October, 2023; in final version, 13 November, 2023)

1.INTRODUCTION

Spin waves in magnetically ordered materials represent an actual and
promising topic of research. In particular, spin waves in nanoscale sys-
tems are studied by a new sub-field of solid-state physics—magnonics
[1]. Spin waves in nanosystems are promising for a variety of technical
applications—both current and prospective. These applications con-
cern mostly new devices for data storage, transfer, and processing
[1-3] but are not limited to them. In particular, devices that use spin
waves on nanoscale instead of electric currents—magnon devic-
es—allow for faster, more efficient, and more reliable signal pro-
cessing as well as computation on higher frequencies than current
computer technology [1]. Spin waves can propagate through magnetic
materials with minimal energy loss and can be easily manipulated using
magnetic fields, electric fields, spin currents, or thermal gradients thus
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making them prospective for novel data transfer technologies [1]. These
applications require precise theoretical models of excitation and propaga-
tion of spin waves in various nanosystems, so these models are extensive-
ly developed recently.

Properties of nanostructures—including spin-wave properties—are
known to depend essentially on their size and shape. Therefore, spin
waves are studied in different configurations of nanosystems individ-
ually. Synthesized recently magnetic nanotubes [4, 5] have found a
wide range of technical applications—in particular, in magnetobiolo-
gy. However, spin waves in nanotubes currently attract little atten-
tion. Known theoretical papers on the subject that are closest to the
topic of the current paper are limited to investigating nanotubes com-
posed of either isotropic or uniaxial easy-axis ferromagnets and does
not account for spin wave damping (see, e.g., [6]). Uniaxial easy-plane
ferromagnets, however, possess a number of unique magnetic proper-
ties—in particular, due to a different degree of symmetry compared to
similar systems composed of easy-axis ferromagnets. One should also
note that effects associated with an energy dissipation can either sig-
nificantly influence the pattern of spin waves in the system or be neg-
ligibly small (depending on the wave frequency, dimensions, shape and
material of the system and other factors); see, e.g., [7]. Nevertheless,
dissipative spin waves in nanotubes composed of easy-plane ferromag-
nets currently remain poorly studied.

Magnetic nanostructures, in particular, magnetic nanotubes, can be
used as waveguides for spin waves. Thus, a task of generating spin
waves in these nanostructures becomes actual one. One of the ways of
generating such waves [8] (usually in the microwave range) is using so-
called spin-torque effect: change of the magnetization direction
(switching or precession) in a thin layer of a ferromagnet when a spin-
polarized current passes through it [8-10]. The influence of the spin-
torque effect on the spin-wave pattern of the nanosystem can be either
negligible or essential depending on the current density (see, e.g., [9])
and, therefore, must be considered in a general case. Therefore, inves-
tigation of spin waves in magnetic nanotubes with a spin-polarized
current and, in particular, investigation of generation of such waves
via spin-torque effect represents a topical field of research.

The paper extends theoretical study of dipole—exchange spin waves
in a circular nanotube composed of a uniaxial easy-plane ferromagnet
started by the author in the previous paper [11]. The magnetic dipole—
dipole interaction, the exchange interaction, the magnetic anisotropy,
and the spin wave damping are considered. Unlike in the previous pa-
per, spin-polarized current is assumed to pass through the tube. Such
current is shown to change the spin wave characteristics and, in some
cases, can lead to generation of a spin wave.

As aresult, the dispersion law and the relation between the wave vector
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components for such waves are obtained and analysed. Effective dissipa-
tion, which can be either positive or negative depending on the direction
and the density of the current, is shown to take place in the investigated
nanosystem. The spin wave generation conditions are obtained.

2. THEORY
2.1. Problem Statement. Model Description

Let us consider a two-layer ferromagnetic nanotube with a circular
cross-section and a spin-polarized current passing through it in the ra-
dial direction. We assume that one layer of the nanotube is ‘fixed’ in
the sense of the magnetization direction, the second—‘free’, so the
current passing through the ‘free’ layer (in the radial direction) be-
comes spin-polarized. Let us denote internal radius of the ‘free’ layer
as a, and the external one as b and direct the Oz axis of the coordinate
system along the symmetry axis of the tube (Fig. 1). The medium out-
side the tube is assumed non-magnetic.

Let us assume that the ‘free’ layer is composed of a uniaxial easy-
plane ferromagnet with its anisotropy axis directed along the axis of
symmetry of the nanotube (the vector n in Fig. 1), and the Oz axis of
the co-ordinate system is also co-directed with n. The ferromagnet pa-
rameters are denoted as follows: the exchange constant o, the uniaxial
anisotropy parameter <0 (is considered constant), the gyromagnetic
ratio y (is considered constant). Let us consider the spin wave dissipa-
tion non-negligible and introduce the Gilbert damping constant of the

N -
\
| 3
A
A
Fj———— .
M

‘free’ layer

‘fixed’ layer

Fig. 1. Configuration of the investigated nanosystem.
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ferromagnet ag. The ground state magnetization M, of the both layers
are assumed to be directed radially (see Fig.1) and have constant
length in the entire volume of the ‘free’ layer. All components (in the
cylindrical coordinate system) of the external magnetic field H® are
assumed stationary and homogeneous.

Let us consider a spin wave propagating in the ‘free’ layer of the
above-described system along the axis Oz and take into account both
the magnetic dipole—dipole and exchange interactions (as they both are
essential for a nanoscale system) as well as the anisotropy, damping
and spin-torque effect in the Landau-Lifshitz equation. The wave is
assumed to be linear so the magnetization m and the magnetic field h
of the wave are small perturbations of the overall magnetization M and
the internal magnetic field (inside the ‘free’ layer) H?, corresponding-
ly: M=Mo+m, H?=H," + h, where H,?” is the ground state internal
magnetic field. Thus, the inequalities |m|<< |M|, || << |H,®| fulfil. The
task of the paper is to obtain the dispersion relation for such wave, re-
lation between the wave vector components and determine the condi-
tion of a spin wave generation in the ‘free’ layer.

2.2, Starting Relations

Let us introduce the cylindrical coordinate system (p, 0, z). For the
‘free’ layer, Mo= Moe,, M,=const, where e, is a unit vector for the co-
ordinate p. Then, a linearized Landau—Lifshitz equation for the con-
sidered nanotube in the absence of the spin-polarized current can be
written analogously to[11] as follows:

(&)

H
a—m:’y M,e x| h+oAm +Pme, ——>m + % _om ) (1)
ot : M, YM, ot

where e, is a unit vector for the coordinate z.

In order to take into account, the spin-polarized current, let us use
the Slonczewski—Berger spin-transfer term analogously to the previ-
ous papers of the author [12, 13]. Namely, we assume that the ‘free’
nanotube layer is thin enough to use the form of the term obtained for a
flat film [9]. This term in the linearized form after taking into account
M||e., m_Le, can be written for the investigated nanotube as follows:

eyhd
=—F— [M x[mxell, 2
where ¢ is the dimensionless spin-polarization efficiency, ¢/ is the elec-
tric current density (is considered constant) and e is the modulus of the
electron charge.
For the perturbations of the magnetization and magnetic field in a
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form of the travelling waves m =m(r)exp(int) =m.o(p,0)exp(iot —ik.),
h =ho(r)exp(iot) =h . op,0)exp(iot —ikj.) (where o is the spin wave fre-
quency and kj is the longitudinal wave number), Eq. (1) with the spin-
transfer term (2) can be rewritten as follows:

iom __vehdm, _ Y(Moep X (ho +0Am, + pmge, + (z(o;x(} - H(()i)] Mo J]

" 2eM,(b-a) M

0
(3)
Analogously to the previous paper [11], let us note that this Lan-
dau-Lifshitz equation combined with the Maxwell equation
divh =—-4ndivm forms a system of equations in which the magnetiza-
tion perturbation vector can be eliminated. Let us use the magnetostat-
ic approximation (that can be applied for typical spin waves; see, e.g.,
[14]) and introduce the magnetic potential ®(r,t)=do(r)exp(int)=
=®,¢(p,0)exp(iot —ik,); so, for the magnetic field, the relations
h=VO®, ho=V®d, fulfil. Then, after the above-mentioned elimination of
the magnetization perturbation, one can obtain the following equation
for the magnetic potential:

iyehd
® %M (b - a) HY HY
o —laa -0 2% | gp - 2o % yp | A0, -
Y M, M, YM, M, M,
iyehd
HY ioog |10 ( o0 [OHZeJWy (b—a)]mﬁ oD
—An| oA - 2+ —C ——(p °j+ 0 0+
M, M, )pop\  Jp YMop oo
O
+Bk’ an - o | 100 @, =0.
M, M,

(4)

Let us note that as the investigated nanotube is considered thin

((b—a)/a<<1), for the internal magnetic field the relation for a flat

film fulfils approximately: Ho” ~ H® — 4nM,. In particular, if the ex-

ternal magnetic field is directed along the tube axis analogously to the

previous papers by the author [12, 15], which consider nanotubes made
of an easy-axis ferromagnet, one can obtain

HY ~ \/(H“’ )+ (4nb1, )

The spin-polarized current does not change the magnetic field as it is
directed radially.
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3.RESULTS AND DISCUSSION
3.1. Dispersion Relation

Unlike the case of nanotubes composed of an easy-axis ferromagnet (in-
cluding previous papers of the author [12, 15]), for the case of an easy-
plane ferromagnet, it is not possible (in general case) to seek a solution
of Eq. (4) in the form of a linear combination of cylindrical functions be-
cause of the presence of two derivatives 0®,/00, (1/p)0/0p(pode/0p).
However, it becomes possible if angular oscillations are absent. There-
fore, let us consider the particular case of longitudinal-radial waves for
which, in particular, the relation 0®,/00 = 0 fulfils.
In such case, a solution of Eq. (4) can be sought as follows:

®, = (AT, (k.p) + AN, (k,p)) exp(-ikz2) ; (3)

Here, A; and A, are constants, J, and N, are the Bessel and Neumann
functions of order n, correspondingly, k&, is the transverse wave num-
ber. In the considered case, n is the transverse-angular oscillatory
mode number, which can only be equal to 0 (zero transverse-angular
mode). After substituting the solution (5) into Eq. (4), one can obtain
the following dispersion relation:

o 1 (i[K(1+aé)+%(2K2+Rz)]i

YM, - 1+0c(2} YM,

5 (1 aé)[Kz (K*+R*)+ K1+ ai)} _[K(1+ o) s RZ)JZ |

Y2M§ 2yM,
(6)
where
(i) )2 2
K® = ok + 20~ it + \/(H ] +16n°, R® = (4n +|[3|)]i‘2,
M, M, E 7
B yehd
2eM,(b—a)’

and k =, /kf + k7 is the total wavenumber.

After taking into account the fact that spin waves can only be excited,
when the damping parameter is small (o has the order of magnitude 0.1
or less), this dispersion relation can be simplified as follows (the root
with the positive real part):
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2 2
©~ YM,|i| ——+ag g2+ 2|y Kz(K2+R2)—% K* +—1|.
YM, 2 YM, 2

(8)
Eq. (8) represents the sought dependence of the spin wave frequency on
the wave vector components.

3.2. Relation between the Wave Vector Components

Let us note that the above-obtained dispersion law (8) contains depend-
ence on two components of the wave vector (transverse and longitudi-
nal). Then, for more complete specification of the spin-wave pattern,
this law must be supplemented by either a spectrum of values of at
least one of these components or a relation between them.

Analogously to the previous paper [11], let us use standard bounda-
ry conditions for the magnetic field b1,=bs,, hic=hs (here, b is the
wave magnetic induction vector, medium 1 is the investigated ferromag-
net, 2 is the external medium, n means the normal, and 7 is the tangential
to the interface components of the vector). In the process of applying
these boundary conditions on both interfaces of the ‘free’ layer, and,
thus, bounding the magnetic potential inside and outside the ‘free’ layer,
one can notice that the situation is physically different from the one in-
vestigated in the previous paper. Namely, while in [11] the external me-
dium (outside the tube) was assumed to be non-magnetic, in the current
research outside material that corresponds to the ‘fixed’ layer is ferro-
magnetic (the inner medium, however, remains non-magnetic). Neverthe-
less, this fact does not change corresponding mathematical transfor-
mations because this layer is ‘fixed’ and does not sustain spin waves.

As a result, one can use expressions for the relation between the
wave vector components used in [11] for the spin waves investigated in
the current paper, namely, relations for the case of a thin tube
(b—a)/a << 1 asthe current research is limited to this case:

k[ 1'(ka)  K'(kp)
b\ I(ka)  K,(kb)

1{ 1 JM‘(’W)}[H@KO'(&@)}’

2k k, I,(ka) |\ 20 k, K,(kb)

tg(kL(b - a)) = 9)

where Iy, Ko are the modified Bessel and Neumann functions of order O,
correspondingly. Analogously to [11], this relation degenerates to a
quasi-one-dimensional spectrum for the transverse wavenumber

k, =ns/(b-a), (10)
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(where sis an integer, number of the transverse mode) on the most part
of the ranges of values of the components % and &.. (The component &
has the order of magnitude of the reciprocal nanotube length or more
and the component k2, has the order of magnitude of the reciprocal
nanotube thickness. Therefore, the relations kia>>1, k.b>>1, kj<<k.
fulfil on the most part of the ranges of values of the components & and
k.. For kia>>1, kb >>1 and either kj <<k, or k >> k., the relation be-
tween the wave vector components can be approximately written in a
quasi-one-dimensional form (10) [11]. The strongest deviation from
this simplified relation is observed when £ and &, have close values).

3.3. Discussion

Therefore, the sought dispersion relation for the investigated spin
waves can be written in the form (8) with the parameters (7) and
k2= Rj2+ k12. The longitudinal wave-vector component k& can be consid-
ered to change continuously while the orthogonal wave-vector compo-
nent &, is defined by the implicit relation (9). This relation can be re-
duced to the quasi-one-dimensional spectrum (10) for k£, nearly every-
where. Let us analyse the obtained results.

First, let us note that the relation between the wave vector compo-
nents—in either of the forms (9) or (10)—is similar to the analogous
relations obtained for a nanotube composed either of an easy-plane [11]
or an easy-axis (after limiting the mode number n to 0) [15] ferromag-
net in the absence of the spin-polarized current. Graphical representa-
tion of the relation (9) can be seen in Fig. 2.

Analogously to the previous paper [11], one can see from Fig. 3 that
the relation between the wave vector components, really, is close to the

7»/—— s=2
6.
Hé 5l
é 4-’/__ s=1
8
2,
1'/ s=0
0 1 2 3 4 5
k/k,

Fig. 2. Dependence of k, on kj/k, for the investigated composite nanotube
with the radii of the ‘free’ layer a =50 nm, b =60 nm.
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quasi-one-dimensional spectrum of values of the component k&, (10).
The strongest deviation from this simplified relation is observed when
k| and k, have close values, which corresponds to general considera-
tions. (Namely, mutual influence of the longitudinal spin waves and
the transverse spin excitations should be the strongest when their
wavenumbers have close values.)

Then, let us analyse the real part of the frequency. It becomes ap-
proximately equal to the non-dissipative expression in the absence of a
spin-polarized current obtained by the author in earlier paper [16]
when the condition

K| << K,y = vM, K* (K* + R’ )/{2% (K2 + }ZZH (11)

fulfils. The radical in the expression (8) vanishes and then becomes imag-
inary for the positive values of the parameter k when passes the first crit-
ical value x.1. Therefore, the entire spin wave vanishes: as the ‘effective
dissipation’ is positive for k>0, the spin wave cannot be excited for
K 2> Ker1 for the ‘—’ root of the frequency determined by the ‘+’ sign in (6).
The same applies for the ‘-’ root (because imaginary part of the frequen-
cy also remains positive). For the negative values of «, the radical in (8)
remains real everywhere. Let us check whether this vanishing of the spin
wave can be achieved for typical values of the nanosystem parameters.

Let us choose the following values for the ‘free’ layer ferromagnet:
B=-1,a=10"2cm2, y=10"Hz/Gs, M,=103Gs (typical values for fer-
romagnets used in synthesized recently nanosystems; see, e.g., [17,
18]). The Gilbert damping constant o for a typical ferromagnetic
nanosystem used in experiments with a spin-polarized current can be
chosen in the range of approximately 0.02-0.2; see, e.g., [19, 20].
Thickness of a typical nanotube varies from unities to tens of nm.
Then, for b—a=10nm in the absence of the external magnetic field
and transverse spin excitations, the first critical value k.1 has the or-
der of magnitude 10'2-10'® Hz depending on the value of og. Therefore,
the corresponding critical value of the current density . has the or-
der of 102°-10%2Fr/(s'cm?) (3-10'°-3-10'2 A/cm?). This value exceeds
essentially typical current densities in the corresponding experiments
(see, e.g., [10]). Thus, for typical values of the investigated nanosystem
parameters, the condition (11) fulfils, and the real part of the frequen-
cy is approximately equal to that for a non-dissipative system in the
absence of a spin-polarized current:

HY) HY K

~ 2 2 2 2 |
Reo ~ YM,KNK* + R —yMO\/(ock +—°J(ak +—°0+(4n+|3|)? .
(12)
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In particular, the above-described vanishing of the real part of the
frequency does not happen. Even for low values M,=10%Gs,
b—a=1nm and high values 0c=0.2, J =108 A/cm? difference between
the exact expression given by (8) and approximate expression (12) can
be considered negligible, albeit noticeable (see Fig. 3.).

Dependence of the real part of the spin-wave frequency given by the
simplified relation (12) on k—analogous to the one obtained in
[11}—for the above-mentioned typical values of the nanotube parame-
ters (specifically, b—a =10 nm) and with the spectrum of the trans-
verse wave-vector component in the form (10) is represented in Fig. 4.
As one can see, branches (that correspond to different orthogonal mode
number s) of the dependence are close to parabolic. Distance between
them increases with increase of the number s.

Now, let us analyse the imaginary part of the dispersion law (8):

i Hy | (4n PR
Imm=K+yMoocG(K2+?J=K+yM00cG{ak2+ ]\400 + PTE .(13)

Unlike the real part of the spin wave frequency, the imaginary part
in general case is affected essentially by the spin-polarized current.
The imaginary part contains a positive (damping) addend that de-
scribes the spin wave dissipation and an addend that describes the ef-
fects of the spin-polarized current; the latter can be positive or nega-
tive depending on the direction of the current. (Positive values of k
correspond to the current passing from the ‘fixed’ nanotube layer to

ho
o

Re @, 10" Hz
—
e -\ S -

o
Bl

1 2 3

k", 108 m!
Fig. 3. Dependence of Rew on kj for the investigated spin waves according to
exact (solid line) and approximate (dashed line) dispersion laws for zero
transverse mode (s =0). The following values of the ‘free’ layer parameters
are used: thickness b—a=1nm, external magnetic field H® =0 and the fer-
romagnet parameters o =10-12cm2, =-1,y=10"Gs/Hz, Mo=102Gs.
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6 //=2
/1
///:0

Re o, 10" Hz
-

Do

0 1 2 3

ks 10 m™
Fig. 4. Dependence of Rew on k| for the investigated spin waves with the fol-
lowing values of the ‘free’ layer parameters: thickness b —a =10 nm, external

magnetic field H® =0 and the ferromagnet parameters o =102 cm2, B=-1,
v=10"Gs/Hz, Mo =103 Gs.

the ‘free’ one, negative—vice versa.) As a result, imaginary part of the
frequency can be positive or negative (‘effective dissipation’}—and,
therefore, the excitation or damping process can dominate, so that the
spin wave can grow or attenuate in amplitude with time, correspond-
ingly. In the first case, generation of a spin wave takes place.

If the parameter k and, therefore, the current density J, are posi-
tive, the presence of the spin-polarized current increases the damping
(the sign of the spin-torque addend in (13) is the same as that of the
damping addend). For negative values of J, the sign of the damping
and spin-torque addends in (13) are opposite. Therefore, spin-torque
effect partially compensates the dissipation (‘effective dissipation’ is
weaker than the dissipation in the absence of the spin-polarized cur-
rent). When the parameter « reaches the second critical value,

HY 1 i
Koo = —YM,0 [akz + VOO + 5(411 + |B|)%J , (14)

the ‘effective dissipation’ vanishes. In this case, the spin wave does not
grow or attenuate with time: a self-sustained magnetization precession
occurs.

If the parameter k is less than k.2, the ‘effective dissipation’ be-
comes negative. Effectively, that means that the spin wave and, in par-
ticular, small spin-wave fluctuations, which occur spontaneously,
grow with time exponentially m « exp(wt) until the linear model limi-
tations are reached: generation of a spin wave takes place.

Critical value of the current density J.» that correspond to k.. for



THEORY OF SPIN WAVES IN AN EASY-PLANE FERROMAGNETIC NANOTUBE 93

the above-mentioned typical values of the ‘free’ layer parameters
B=-1, a=10"?cm™?, y=10"Hz/Gs, My=103Gs, b—a=10nm, o=
=0.05) has the order of 10®Fr/(s.cm?) (3:10® A/cm?) for the zero
transverse mode s=0 (which is near the highest values of spin-
polarized spin current densities used in experiments and exceeds them)
and more for higher modes. On the other hand, for low enough values
of My and b —a and high enough value of ag, critical value of the cur-
rent density lies within the admissible range, at least, for the zero
transverse mode. E.g., for My=3-102Gs, b—a=3nm, oac=0.02 (with
the rest of the parameters remaining the same), J.2 for s=0 has the
order of 3:105A/cm? that is easily achievable. For the first (s=1) or
higher modes, J..2 exceeds current densities in the corresponding ex-
periments unless the exchange constant is small enough (e.g., for
a=2.5-10"2cm™2, the first mode s=1 can be excited, but not higher
ones). For My=10%2Gs, b—a=3nm, 0s=0.02, a.=2.5-10"2cm2 (with
rest of the parameters remaining the same), 5 modes (s=0-4) exist
within the admissible range of current densities.

Considering the fact that minimal value of the component & has the
order of magnitude of the reciprocal nanotube length and, therefore,
k™ <<k, (for s>0), a(k™")? << 1, for an experiment with the maximal
current density Jm.x generation condition for zero transverse mode can
be fulfilled, if

a.MZ2(b—a)(6m+|B|)e
Mo —a)(Br+[pe 15)
SthaX
and for the s-th mode (s > 0),
2 _ 2
200 My (0= @)y, o T8 | | <. (16)
ehd .. b-a

Dependence of the imaginary part of the spin-wave frequency given
by the relation (13) on k& and J for two sets of values of the nanotube
parameters (one of which is the same as used for Fig. 4 and other for
the values that allow the spin-wave generation) with the spectrum of
the transverse wave vector component in the form (10) is represented
in Fig. 5. As one can see, depending on values of the nanosystem pa-
rameters, spin-polarized current really can either contribute ‘effective
dissipation’ weakly (Fig. 5, a) or essentially, leading to spin-wave gen-
eration for some values of the current density (Fig. 5, ). Branches of
the dependence that correspond to different transverse modes (defined
by number s) display regularities analogical to those observed for the
dependence Rew(k)). Namely, they are close to parabolic (for fixed val-
ue of J), unlike for Rew, the dependence is close to linear, and distance
between them increases with increase of the number s.
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Fig. 5. Dependence of Im® on & and J for the investigated spin waves with the
following values of the ‘free’ layer parameters: H® =0, p=-1, y=10" Gs/Hz
and a) b—a=10nm, a=10"2cm2, Mo=103Gs, ac=0.05, b) b—a=3nm,
a=2.510"18cm2, Mo=3:10%2Gs, ac=0.02.

4. CONCLUSION

Thus, dissipative dipole—exchange spin waves in a circular two-layer
ferromagnetic nanotube with a spin-polarized current have been stud-
ied theoretically in the paper. One of the nanotube layers is considered
‘fixed’ in the sense of the magnetization orientation, the other (in
which the investigated spin waves travel)}—‘free’. The ‘free’ layer is
assumed composed of an easy-plane uniaxial ferromagnet with the
magnetic anisotropy axis directed along the tube axis. The spin-
polarized current passes through the ‘free’ layer in the direction or-
thogonal to its surface. The magnetic dipole—dipole interaction, the
exchange interaction, the magnetic anisotropy, the spin wave dissipa-
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tion and (unlike in the previous paper) influence of the spin-polarized
current are taken into account.

For the above-described spin waves, an equation for the magnetic
potential has been obtained and (for the case of longitudinal-radial
waves) solved. As a result, the dispersion law for the investigated
waves has been found. This dispersion law has been complemented with
the relation between the wave-vector components, which has been
shown to degenerate into a quasi-one-dimensional values’ spectrum of
the orthogonal wave vector component nearly everywhere.

For the obtained spectral characteristics of the investigated spin
waves, graphical representations have been given and numerical eval-
uations have been per-formed. It has been shown that, in most cases,
influences of the spin-wave dissipation and spin-polarized current on
the real part of the dispersion law—dependence of the real part of the
frequency on the longitudinal wave-vector component—are negligible.
Branches of this dependence (that correspond to different orthogonal
modes) are shown to be close to parabolic; distance between them in-
creases with increase of the mode number.

For the imaginary part of the frequency (that describes the spin-
waves dissipation), influence of the spin-polarized current can be es-
sential or negligible depending on the values of the nanosystem param-
eters. Branches of the dependence of the imaginary part of the fre-
quency on the longitudinal wave vector component and the current
density are also close to parabolic (for fixed value of the current densi-
ty)—but unlike the dependence for the real part of the frequency, the
dependence is close to linear—and distance between also them increas-
es with increase of the number s.

It has been shown that, in general case, presence of the spin-
polarized current can strengthen or weaken the spin-wave damping,
creating the ‘effective dissipation’. When the ‘effective dissipation’
becomes negative, the wave grows in amplitude with time, thus leading
to a spin wave generation. The condition of such a generation has been
found as well as limitations on the transverse-modes’ number, for
which the generation is possible. It has been shown that, for typical
values of the nanosystem parameters, only first several modes can be
excited via such a generation: in most cases, only zero mode or none.

The method proposed in the paper can be applied to nanotubes of
more complex configurations—for instance, with an elliptic cross-
section—as well as for more complex configurations of tube-type
nanosystems in general.

REFERENCES

1. B. Flebus, S. M. Rezende, D. Grundler, and A. Barman, J. Appl. Phys., 133:
160401 (2023).


https://doi.org/10.1063/5.0153424
https://doi.org/10.1063/5.0153424

96

10.
11.
12.
13.
14.

15.
16.
17.
18.
19.

20.

V. V.KULISH

Y. Li, W. Zhang, V. Tyberkevych, W. K. Kwok, A. Hoffmann, and V. Novosad,
J. Appl. Phys., 128: 130902 (2020).

A. V. Chumak, P. Kabos, M. Wu, C. Abert, C. Adelmann, A. O. Adeyeye et al.,
IEEE Trans. Magn., 58: 0800172 (2022).

Y. Ye and B. Geng, Crit. Rev. Solid State, 37: 75 (2012).

R. Sharif, S. Shamaila, M. Ma, L. D. Yao, R. C. Yu, X. F. Han, and M.
Khaleequr-Rahman, Appl. Phys. Lett., 92: 032505 (2008).

T. K. Das and M. G. Cottam, J. Appl. Phys., 109, No. 7: 07D323 (2011).

C. Wu, Spin Wave Resonance and Relaxation in Micro-wave Magnetic Multi-
layer Structures and Devices (Thesis of Disser. for the Degree of Ph.D.) (New
York: 2008).

L. Berger, Phys. Rev. B, 54: 9353 (1996).

A. Slavin and V. Tiberkevich, IEEE Trans. Magn., 44: 1916 (2008).

J. C. Slonczewski, J. Magn. Magn. Mater., 159: L1 (1996).

V. V. Kulish, J. Nano- Electron. Phys., 15, No. 5: 05021 (2023).

V. V. Kulish, Ukr. J. Phys. 61,No. 1: 59 (2016).

Yu. I. Gorobets and V. V. Kulish, Open Phys., 13: 263 (2015).

A. 1. Akhiezer, V. G. Baryakhtar, and S. V. Peletminskiy, Spin Waves (Amster-
dam: North-Holland: 1968).

V. V. Kulish, Research Bulletin of NTUU KPI, 4: 73 (2017) (in Ukrainian).
Yu. I. Gorobets and V. V. Kulish, Low Temp. Phys., 41: 517 (2015).

H.Y. Liu, Z. K. Wang, H. S. Lim, S. C. Ng, M. H. Kuok, D. J. Lockwood,

M. G. Cottam, K. Nielsch, and U. Gosele, J. Appl. Phys., 98: 046103 (2005).

C. Mathieu, J. Jorzick, A. Frank, S. O. Demokritov, A. N. Slavin, and

B. Hillebrands, Phys. Rev. Lett., 81: 3968 (1998).

S. J. Gamble, M. H. Burkhardt, A. Kashuba, R. Allenspach, S. S. P. Parkin,
H. C. Siegmann, and J. Stéhr, Phys. Rev. Lett., 102: 217201 (2009).

Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Phys. Rev. Lett., 88: 117601
(2002).


https://doi.org/10.1063/5.0020277
https://doi.org/10.1109/TMAG.2022.3149664
https://doi.org/10.1080/10408436.2011.613491
https://doi.org/10.1063/1.2836272
https://doi.org/10.1063/1.3554208
https://doi.org/10.1103/PhysRevB.54.9353
https://doi.org/10.1109/TMAG.2008.924537
https://doi.org/10.1016/0304-8853(96)00062-5
https://doi.org/10.21272/jnep.15(5).05021
https://doi.org/10.15407/ujpe61.01.0059
https://doi.org/10.1515/phys-2015-0033
https://doi.org/10.20535/1810-0546.2017.4.105251
https://doi.org/10.1063/1.4927076
https://doi.org/10.1063/1.2009072
https://doi.org/10.1103/PhysRevLett.81.3968
https://doi.org/10.1103/PhysRevLett.102.217201
https://doi.org/10.1103/PhysRevLett.88.117601
https://doi.org/10.1103/PhysRevLett.88.117601

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

Memanogis. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2024, vol. 46, No. 2, pp. 97-109 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.46.02.0097 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 61.50.Lt, 71.15.Ap, 71.15.Nc, 71.20.-b, 75.10.Lp, 75.50.Cc, 85.75.-d

The Solid Solutions of Heusler Alloys (Pd;--Me.)>MnSn (Me = Co,
Ni, x =0.0—1.0): Energy, Charge, and Magnetic Characteristics

V.M. Uvarov, M. V. Uvarov, Y. V. Kudryavtsev, E. M. Rudenko, and
I. M. Makeieva

G.V.Kurdyumov Institute for Metal Physics, NAS of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Information on the energy, charge, and spin characteristics of Pdi_.Me:MnSn
alloys (Me =Co, Ni, x=0.0-1.0) is obtained using band calculations within
the FLAPW (full-potential linearized augmented-plane-wave) model. As de-
termined, an increase in the concentration of the cobalt or nickel atoms leads
to an increase in the interatomic electron density inside the alloys. This re-
sults in both a concurrent reduction in the parameters of their crystal lattices
and an increase in the binding energies of the atoms. The number of electrons
@ within the atomic spheres of Pd, Mn, and Sn in cobalt-containing alloys ex-
ceeds the corresponding values for nickel-containing phases, and the depend-
ences of @ exhibit a systematic tendency to increase with the growth of sub-
stitutional-atoms’ concentrations. The observed polarization of valence elec-
trons leads to the appearance of magnetic moments on the atoms of the alloys.
The magnetic moments of metal atoms are ferromagnetically ordered, and
their magnitude depends on the type and concentration of substitutional at-
oms.

Key words: band calculations, Heusler alloys, electronic structure, magnetic
moments, polarized electronic states, spintronics.

3a LOIIOMOro0 30HHNX po3paxyHKiB y momenao FLAPW (the full-potential lin-
earized augmented-plane-wave) ozep:kaHo iH(@oOpMAIIil0 IIPO eHEPreTHUYHi,
3apAmoBi Ta cminmoBi xapakrepuctuku cromniB Pdi.Me:MnSn (Me=Co, Ni,
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x=0,0-1,0). BcranoBieHo, 1110 3i 3pocTaHHAM KOHIIeHTpaIrii aromiB KobansTy
a6o Hikuro 36iablIyeThea MisKaTOMHA T'yCTHHA €JeKTPOHiB y cTromax. Ile 3a-
Oe3meuye CYIpOBiiHe 3MEHITIeHHA MapaMeTPiB IXHiX KpUCTATiYHUX I'PATHUITH i
OiIBUINEHHA eHepriii 3B’a3Ky aromiB. KilbKicTh eleKTpoHIB @ B aTOMOBUX
Pd-, Mn- i Sn-cdepax y cronax 3 KoGanbToM mepeBUIIy€e BiAMOBiAHI 3HAUEHHA
nas ¢as 3 Hikiem, a 3a/IeKHOCTI @ BUABJISAIOTH CUCTEMATUYHY TeHAEHITIIO 0
30ibIIIeHHS 31 3pOCTaHHAM KOHIIEHTpAIlill aToMiB 3amileHHsa. Busasiena mo-
JAPU3aIlisg BaJIeHTHUX €JeKTPOHIB MPUBOAUTD [0 IOSIBU MarHeTHUX MOMEHTIB
Ha aTomMax cTomiB. MarHeTHi MOMEHTH aTOMiB MeTaJiB (pepoMArHETHO YIIO-
PAOKOBAHI, a iIXHA BeJJMUYNHA 3aJI€KUTh BiJ TUITy Ta KOHIIeHTpAIlii aToMiB 3a-
MiIlleHHS.

Karouosi croBa: 30HHI pospaxyHKuU, I'oficiiepoBi cTomu, eleKTpoHHA OyaoBa,
Mar"HeTHI MOMeHTHU, IIOJIIPU30BaHi eJIEKTPOHHI CTaHU, CIIIHTPOHIKA.

(Received 20 December, 2023; in final version, 10 January, 2024 )

1.INTRODUCTION

Materials exhibiting unusual properties have always attracted signifi-
cant attention from both theorists and experimentalists with the aim
of harnessing these non-traditional properties for potential practical
applications. One such group of materials currently under active in-
vestigation is the Heusler compounds (alloys, phases). Among them,
there are the so-called the full-Heusler phases known as L2;-type
structures [1-7] have a common formula X;YZ, where X and Y repre-
sent transition or noble metals, and Z is element of the IIIA (Al, Ga,
In), IVA (Si, Ge, Sn) or VA (Sb) columns of the periodic table. This
structure can be described by four interpenetrating f.c.c. sublattices:
two of them occupied by the X atoms, and the other two by Y and the Z
elements. The half-Heusler phases (Cl;-structures) have the same
structure, except that one of the sites occupied by the X atom in the
parent compound is empty, giving a general formula XYZ [5]. Both
types of the mentioned phases have [9—12] a complex of magnetic, ki-
netic, optical, magnetooptical, superconducting, thermoelectric, and
other important properties. In the system of compounds under discus-
sion, it is possible to implement topological insulators and the so called
half-metallic state of a solid with a completely uncompensated spin
density of band electrons at the Fermi level—an important property
necessary in technologies for creating materials for spintronics devic-
es. The properties of Heusler phases significantly depend on their
atomic composition, particularly the characteristics of the crystalline
structure, atomic packing dimensions (1D, 2D, 3D), and so on.

The magnetic properties of Heusler alloys with variable atomic com-
position have always sparked enduring interest. The system of manga-
nese-based Heusler alloys with the general formula X;MnZ satisfies
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this criterion [13—16]. Like most Heusler alloys, they are traditionally
considered ideal systems with local atomic magnetic moments [13]. It
is well known that the largest magnetic moment in the XoMnZ phases is
concentrated on manganese atoms and can reach values exceeding
4.0pp [14-16]. In the structural ground state of these phases, Mn at-
oms are surrounded by eight first neighbours of type X and six second
neighbours of type Z. Thus, the closest Mn—Mn pair is separated by two
coordination atomic spheres. Due to the large distance between Mn at-
oms, it is commonly assumed [13] that their magnetic interaction oc-
curs through free electrons in terms of indirect exchange, such as
Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange. The type of X
atom plays a significant role in such exchange. It can be either non-
magnetic or magnetic. The transition from paramagnetic [17] or near-
ly magnetic [18] X=Pd to X=Ni (with an atomic magnetic moment
myi=0.604pug) and X =Co (mc,=1.715u5) [17] is accompanied by a se-
quential decrease in the magnetic moment on manganese atoms in the
Co:MnSn alloy by almost 18% [16].

An effective way to influence the properties of Heusler phases is the
synthesis of solid solutions based on them. Good model systems of this
plan are a series of Pt;-.Me.MnSb alloys (Me = Ni, Cu, Au, x=0.0-1.0)
(Clp-structures) [19, 20]. In our earlier works [21-23], information
about the energetic, charge, and spin characteristics of the mentioned
alloys was obtained using the WIEN2k software package [24]. It has
been established that with an increase in the concentration of Me-
atoms, the electron density in the interatomic region of the compounds
decreases, covalent bonds weaken, and the binding energies of atoms in
the alloys decrease. At the same time, the main contribution to the
formation of magnetic moments is made by the 3d electrons of manga-
nese atoms and the polarization of electrons at the Fermi levels de-
pends on the composition of the alloys.

An analogous system, but now with full-Heusler alloys, is repre-
sented by solid solutions with the atomic composition (Pd;-.Me,):MnSn
(Me=Co, Ni, x=0.0-1.00). The boundary phases (x =0.0, 1.0) are part
of the family of already discussed alloys X:MnZ (X=Co, Ni, Pd,
Z =Sn). Solid solutions provide a unique opportunity to monitor the
change in properties of these phases in the sequential process of their
mutual transformation. Samples of the solutions were synthesized and
certified as single-phase with an L2; structure in the work [25]. Here,
it is established that the concentration dependences of crystal lattice
parameters and Curie temperatures exhibit a linear decreasing and in-
creasing trend, respectively. An increase in the concentrations of co-
balt atoms is accompanied by a growth in the values of the ferromag-
netic saturation moment by more than 19% in the Co.MnSn alloy.
However, in the transition from Pd;MnSn to NioMnSn, the author of
the cited work observed a slight (=2 5% ) decreasing trend in the depend-
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ence of the ferromagnetic saturation moment.

Outside of the cited work, a number of comparative characteristics
of the electronic structure of (Pd;-.Me,):2MnSn (Me = Co, Ni, x=0.0—
1.00) alloys have not been studied. There was no complete information
about their energy characteristics, the spin and charge states of atoms,
the nature of interatomic chemical bonds, the structure of valence
bands and conduction bands.

This paper is devoted to finding answers to these problems.

2. THE METHODOLOGY OF THE CALCULATIONS

Electronic structure calculations of solid solutions (Pd;-.Mex);MnSn
(Me=Co, Ni, x=0.0-1.00) were performed by the LAPW method [26]
with a gradient approximation of the electron density (GGA-
generalized gradient approximation)in the form [27]. A spin-polarized
version of this method was used to calculate the characteristics of the
electronic structure [24].

To obtain concentration characteristics of the electronic structure
of solutions for the initial phases Me:MnSn (Me = Co, Ni, Pd), super-
cells with dimensions of 2x2x2 were constructed. In these supercells,
atomic substitutions were performed, simulating the composition and
structure of (Pd;-.Me.):MnSn (Me = Co, Ni, x =0.0-1.00) phases. In the
final stage, calculations for all alloys were conducted using the spatial
group P1 (No. 1).

The parameters a lattices of the Pd;_.Me,MnSn alloys (Me = Co, Ni,
x=0.0-1.0) required for the calculations are borrowed from the exper-
imental data, obtained in [25]. The radii (Rm:) of the MT (muffin-tin)
atomic spheres were chosen from the consideration of minimizing the
size of the inter-sphere region in the Co:MnSb alloy, which has the
smallest unit cell volume. For all alloys and all the atoms in them, these
radii were 2.43 Bohr radiuses (1 Bohr radius=5.2918-10"""m). When
calculating the characteristics of the electronic structure of all alloys,
112 points in the irreducible parts of their Brillouin zones were used.
APW +1o bases are used to approximate the wave functions of the 3d
electrons of all atoms, and LAPW bases are used for the wave functions
of the remaining valence electrons. The size of the basis set was deter-
mined by setting the product RutKmax = 7.0 (K max is the maximum value
of the inverse lattice vector).

The binding energies (cohesive energies) were calculated as the dif-
ferences between the total energies of the atoms forming the unit cells
of the alloys themselves, and the sum of the total energies of their con-
stituent atoms, separated from each other by ‘infinity’. They were de-
termined in accordance with the recommendations [28]. Test calcula-
tions of metal binding energies are presented in Fig. 1.

The obtained values of atomic binding energies in metals in this
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Fig. 1. Formation energy (cohesive energy Ec.n.) of metals.

study exceed the corresponding values obtained from experiments [29,
30]. The largest differences in the specified values are characteristic
for iron (AE.n=1.01eV), titanium (AE.n=0.82eV), cobalt
(AEn.=0.73eV), and nickel (AE:on.=0.49eV). Despite these differ-
ences, the trends of both curves are similar. This circumstance allows
us to hope that the data and the conclusions drawn from them regard-
ing cohesive energies of similar series of compounds, similar to the in-
vestigated solid solutions (Pd;—_.Me,):MnSn (Me = Co, Ni, x =0.0-1.00),
will be at least qualitatively correct.

3. RESULTS AND DISCUSSION

Concentration dependences of the spatial electron density in the inter-
atomic region II [24], crystal cell parameters, and binding energies of
alloys (Pdi-.Me,):MnSn (Me = Co, Ni, x =0.0-1.0) are presented in Fig.
2. It can be observed that with the increase in concentrations of substi-
tuting Me atoms, the negative charge of electrons in the interatomic
region systematically increases. This increase leads to additional ‘con-
traction’ of ions of atoms towards each other and, as a result, to a re-
duction in crystal cell parameters a and an increase in binding energies
of solid solutions (Pd;-.Me,)2MnSn (Me = Co, Ni, x=0.0-1.0). The lat-
ter circumstance may indicate a potential increase in the thermody-
namic stability of the discussed alloys with an increase in the concen-
tration of substituting atoms in them. The mentioned stability is most
pronounced for alloys with cobalt, as their binding energies (E.n.) are
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Fig. 2. Concentration dependences of electron densities g (e is electron charge)
in the interatomic regions, parameters a [25] of conventional cells, and cohe-
sive energies Econ. of (Pdi_xMex)2MnSn (x =0.0-1.0) alloys.

significantly higher compared to those for phases with nickel. It is also
noteworthy that electron densities (¢) and crystal cell parameters a de-
pend on the type of Me-atoms. In phases with cobalt, the values of ¢
throughout its concentration range exceed in magnitude the analogous
values typical for nickel concentrations in alloys with its participation.
This is also manifested in the smaller values of the lattice parameter a in
the crystal structures of cobalt-containing alloys. The possible reason for
the described dependences of the discussed characteristics on the type of
substituting atoms is their ‘ability’ to participate in interactions with
surrounding atoms. It seems that this ability of cobalt atoms is enhanced
due to the more extended nature of their electron wave functions in re-
sponse to the smaller charge of its nucleus compared to that of nickel.
The charge states of atoms @ (the number of electrons in MT
spheres) in solid solutions with cobalt, for the same reason, exceed the
corresponding values for phases with nickel (Fig. 3). The @ dependenc-
es show a systematically increasing trend across all ranges of concen-
trations of substituting Me-atoms. This correlates with the accompa-
nying reduction in the lattice parameters a of the alloy crystal struc-
tures (Fig. 2), providing a ‘pumping’ of electron densities into atomic
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Fig. 3. Concentration dependences of atomic charges @ (e is electron charge)
in (Pdi-zMex)2MnSn (x = 0.0-1.0) alloys.

spheres. The ‘sensitivity’ of atoms to their recharging also depends on
the type of substituting Me-atoms. In the transition across the concen-
tration range x =0.0 > x =1.0, the increase in atomic charges (AQ) was
for cobalt-containing alloys AQc,=0.9%, AQpa=0.4%, AQwun=1.0%,
AQs.=0.3%, while for phases with nickel AQxi=0.7%, AQpa=0.3%,
AQMn = 0.6(% s AQSn = 0.20/0 .

Additional information about the nature of chemical bonds in the
studied alloys can be obtained by considering the energy structure of
their valence bands and zones of vacant states. The corresponding data
in the form of curves representing the electron state densities are pre-
sented in Fig. 4. The total densities and total atomic densities of elec-
tronic states for the studied phases in both spin orientations are com-
plex structures that vary depending on the atomic composition of the
alloys. From the discussed figures, it can be seen that the influence of
the alloys’ atomic composition is manifested in the changing shape and
energy localization of the densities of electronic states.

The electron densities from tin atoms in the localization region of
valence states (0 to -5 eV) are insignificant, indicating a small (24%)
total charge of their valence electrons in the energy range of states
that form interatomic bonds. This suggests that tin atoms in the crys-
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tal lattices of the alloys are primarily held by ionic bonds.

The localization of the electronic states of metal atoms in this ener-
gy region and their hybridization indicate that the metal atoms in the
alloys are bound together mainly by covalent interaction. Their fur-
ther analysis is based on the basic principles of quantum chemistry
[31]: in the absence of spatial symmetry constraints, the degree of in-
teractions of the electrons entering into chemical bonds depends on the
proximity of their energies and manifests itself in the energy splitting
of the final states and the degree of their hybridization.

As seen in Fig. 4 for the Co:MnSn and Ni,MnSn alloys, the states of
metal atoms occupy the same energy positions, hybridize well, and un-
dergo energy splitting. These facts indicate a high degree of covalence
in the Me—Mn chemical bonds, providing high values of the binding
energy for the Me:MnSn phases (Fig. 1). In the PdsSn alloy, a some-
what different pattern of hybridization of electronic states of metal
atoms is observed, which ultimately results in its reduced binding en-
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Fig. 4. Total electron densities (total) and total atomic electron densities of
Pdi_:Me.:MnSn alloys: Me=Co (a), Me=Ni (b). Densities with positive and
negative values correspond to the spin-up and spin-down orientations of the
electrons respectively. Eris the position of the Fermi level.
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Continuation of Fig. 4.

ergy. It is also noteworthy (Fig. 4) that additional electronic densities
from manganese atoms with negative spin values in the valence zone of
Co:MnSn exceed those for the alloy with Ni.MnSn. This correlates with
the increased binding energy of the cobalt-containing alloy compared
to the nickel-containing alloy.

The concentration transition from Pd:MnSn to Me.MnSn (Me = Co,
Ni) is accompanied by an increase in the hybridization of the Me atom
states, while for the palladium atom states, the opposite trend is ob-
served. The distributions of electron states of atoms in solid solutions
with minimal concentrations of substituting Me atoms (x=0.125)
broadly replicate those of the Pd:MnSn phase. In alloys with the maxi-
mum value of x=0.875, the state distributions progressively form a
pattern characteristic of Co.MnSn and Ni:MnSn. From the above, a
qualitative assumption can be made that the increase in the binding
energies of solid solutions (Pd;-.Me,):MnSn with an increase in the
concentrations of substituting Me atoms (Fig. 1) is due to the growing
effects of hybridization of states of these atoms with the states of
manganese atoms.

From Figure 4, it can also be inferred that the conduction band
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states of the alloys are mainly formed by electrons of manganese atoms
with a spin orientation downwards. Attention is drawn to the discrep-
ancy in the shapes and values of electron densities associated with dif-
ferent spin directions, indicating the polarization of electronic states.
This effect is most pronounced in manganese.

Polarization effects lead to the appearance of magnetic moments
(M) on atoms and, overall, in the crystal cells of the investigated al-
loys. Concentration dependences of magnetic moments are shown in
Fig. 5. As evident, their values are also influenced by the type of sub-
stituting Me-atoms. In alloys with cobalt, the magnitudes of M under-
go more significant concentration changes compared to phases with
nickel. When transitioning to maximum Me concentrations, magnetic
moments on cobalt atoms decrease by = 25% , while on nickel atoms, the
decrease is only 6% (upper panel in Fig. 5). As for the magnetic mo-
ments of formula units, in the case of alloys with cobalt, they increase
from M;, =4.16usz (Pd:MnSn) to M:, =5.03us (Co:MnSn), reaching a
maximum of M. =5.35uzs at a cobalt concentration of x=0.75. How-
ever, the transition from Pd:MnSn to NisMnSn reduces the magnetic
moment values to M, =4.07us. It is worth noting that these values
are in good agreement with experimentally obtained results:
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Fig. 5. Concentration dependences of magnetic moments M (us is Bohr magne-
ton) of atoms and formula units (f.u.) of (Pdi-xMex)2MnSn (x=0.0-1.0) alloys.
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M;:y. =4.23up [6], M, =5.08us [32], and M:,. =4.05uz [6] for alloys
with palladium, cobalt or nickel, respectively.

The changes in the magnetic moments on palladium atoms in alloys
with nickel, as the concentration of substituting Me-atoms reaches its
maximum, are small: Mpq=0.08us (Pd2MnSn) and Mps=0.10u5 (con-
centration x =0.875). For phases with cobalt, the corresponding values
increase to Mpa=0.23 5.

The greatest contributions to the magnetism of the investigated al-
loys are made by manganese atoms. In both cobalt and nickel alloys, the
concentration dependences of My,, magnetic moments, exhibit a de-
creasing trend. For cobalt alloys, the magnetic moments on manganese
atoms vary from My, =3.95us (Pd2MnSn) to My, =3.22u5 (CoeMnSn),
while for nickel phases, the magnetic moment on manganese reaches
the value of My, =3.62u5 (NizMnSn). In band calculations [13], similar
values were obtained for these quantities: Mwy,=3.78us (Pd:MnSn),
My, =3.13ug (CoeMnSn), and My, = 3.39us (Ni2MnSn).

The magnetic moments on tin atoms (Ms,) are antiferromagnetically
ordered and have small values. In nickel-containing alloys, they prac-
tically do not depend on the concentrations of substituting nickel at-
oms, fluctuating slightly near Ms, =-0.036u5. For phases with cobalt,
these magnetic moments undergo changes ranging from
Ms,=-0.031pg (Pd2MnSn) to Ms, =-0.059u5 (Co2MnSn).

4. CONCLUSIONS

1. With an increase in the concentration of cobalt or nickel in alloys
(Pdi_.Me,):MnSn (Me =Co, Ni, x=0.0-1.0), the electron density in the
space between atoms increases, leading to enhanced interatomic inter-
actions and, consequently, a reduction in the lattice parameters of the
alloys and an increase in their binding energies. These energies for co-
balt-containing alloys exceed those for phases with nickel.

2. The number of electrons @ in the MT spheres of Pd-, Mn-, and Sn-
atoms in solid solutions (Pdi-.Me.):MnSn (Me=Co, Ni, x=0.0-1.0)
with cobalt exceeds the corresponding values for phases with nickel.
The @ dependences exhibit a systematically increasing trend with the
growth of substituting Me-atoms’ concentrations. This correlates with
the simultaneous reduction of the lattice parameters of the alloys,
providing an ‘injection’ of electron densities into atomic spheres.

3. The densities of the electronic states of (Pd;-.Me,):MnSn (Me = Co,
Ni, x=0.0-1.0) alloys are complex structures that vary in shape, ener-
gy position and localization. The zones of valence electrons (0—5 eV)
of alloys are dominated by hybridized states of metals, while the va-
cant states are formed mainly by Mn electrons with spins oriented
downwards.

4. The polarization of valence electrons leads to the emergence of mag-
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netic moments on atoms in alloys (Pd;-.Me,):2MnSn (Me=Co, Ni,
x=0.0-1.0). The magnetic moments of metal atoms are ferromagneti-
cally ordered and their magnitudes depend on the type and concentra-
tions of substituting Me-atoms.
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112 A.B.TPY3EBIY, I0. B. CKIPTA, I. B. TEPACIMYVYK ra iH.

mepaTypHu ¥ arpeCUBHUX CEPEIOBUII 3 METOIO CTBOPEHHA METOAUKY BU3HAUEH-
HA 3aJIMIITIKOBOTO PECYPCY Ta IIiABUINEeHHA eKCILIyaTalliiiHol HaJilitHOCTH MaTe-
piaxiB i cucrteM. 3amTPOITOHOBAHO €KCIPEC-METO OIliHIOBAHHSI MiKPOCTPYKTY-
PU IILJIAXOM BUBHAUYEHHSA 3MiHM MAarHeTOaKyCTUYHOTO BiAr'yKYy MaTepidany.

KarouoBi c1roBa: MarumeTHa iHAYKIiA, CTPYKTYpPHO-(a3oBuii cral, Bapkrayse-
HiB edeKrT, ricrepesa.

The relationship between the change in the structural and mechanical prop-
erties of metal materials and structural elements and the modification of
their magnetic behaviour under the influence of mechanical stresses, tem-
perature and aggressive environments is established in order to create a
methodology for both determining the residual resource and increasing the
operational reliability of materials and systems. An express method of micro-
structure assessment by means of determining the change in the magnetoa-
coustic response of the material is proposed.

Key words: magnetic induction, structural-phase state, Barkhausen effect,
hysteresis.

(Ompumano 31 moemus 2023 p.; ocmamoyn. eapiaum — 25 aucmonada 2023 p.)

1. BCTYII

Mg cyuyacHol YKpalHu xapaKTepHa 3HaUuHA 3HOIIIEHICTh eHepreTUYHOT'0
o0JIafHAHHSA; TaK moHaa 85% eHeprobJIOKiB TEMJIOBUX eJIeKTPOCTaHIil,
1110 MPAIOI0Th HA BYTiJIi, MaroTh Hanpalosauusa oiasire 200 Tuc. rox i
€ pisuuno s3uommenumu [1]. Temmomexaniume obnagHaHHA, IIT0 PO3PAXO-
BaHO Ha 3aKPUTHUYHI MapaMeTpH, BiAIpaIfoBao PO3PaxyHKOBUM CTPOK
cay:k011; ToMy HAOMpPAaOTh BaroMe 3HAYeHHS BUMOT'Y 10 HaAiHHOCTH Me-
TaJly eHepreTHYHOro 00JIafHAHHA 1 OIiHKHY oro skocTtu. B ramysi moc-
TiAHO BUKOHYETLCA 3HAUHA KiJbKiCTh 3aMiH BHCOKOBAPTiCHOI Kapo-
cTifikoi TpybHOI mpoaykirii. B TemepiiHii uac oco0uBY yBary HeooXi-
IHO 3BePHYTHU Ha MiABUINIeHHA e()eKTUBHOCTH POOGiT 3 eKCIIePTHOro 00-
CTEe)KEeHHsS YCTaTKYBaHHSA Ta Ha IIiABUINEHHSA SKOCTU CUCTEMU YIIPaB-
JiHHSA peMOHTOM. [loCATHYTH ITiel MEeTH MOMKJINBO MIJISAX0OM 3aCTOCYBaH-
HSA IepeIoBUX METOiB KOHTPOJIO, AKi YMOMKINBIIATH CBOEUACHO BUAB-
JIATH BifXMJIeHHSA B AKOCTi Ta IPOBOAUTU CBOEUYACHO 3aMiHM HEOOXiJHUX
By3JiB. B pesynbTaTi BUHUKHEHHS HellepeaOauyBaHUX BiMOB Ta aBa-
pifiHMX cuTyalliii 3aBJal0ThCS 3HAUHI 30MTKY eHePTreTUYHUM i JIPUEM-
CTBaM, IIOTiPIIYyeThCA HaAiMHiCTh po6OTH 00JIaTHAHH .

ITpuitusaro, 1110 OZHUM 3 I'OJIOBHUX YNMHHUKIB HamiliHol poboTu 061a1-
HaHHS € 3aJ0BiJIbHUN CTPYKTYPHHUN CTAH MaTepisany, 3 AKOr0 BOHO BU-
roroByeHe [2]. Big cTpykTypHO-(a30BOTO CcTaHy 3ajieKaTh CJIYKO00Bi
BJAacTHUBOCTI Marepiaay. TakuMmM YMHOM, IIiIBHUIIEHHS JOCTOBipHOCTH
OIliHKYM CTPYKTYPHOT'O CTAHY €JeMEeHTiB 00JaJHaHHsa Ha OCHOBi (ismu-
HUX METOHiB HEePYHHIBHOTO KOHTPOJIO € AyKe aKTyaJbHOI HayKOBO-
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OPaKTUYHOIO MPOO6JIeMOI0, BUPIIIeHHA AKOI JACTh 3MOT'Y BUABJATH [i-
JAHKY 00JIaTHAaHHA 3 HeBiAMIOBiZHOIO CTPYKTYPOIO Ta CBOEYACHO IIPOBO-
IUTU 3aXO0IU IITOI0 PEMOHTY iX Ta yCYHEeHH.

2. MATEPISIJIM TA METOAU JOCJAIIJKEHD

MarserHi meTonu € AyKe UYTJAUBUMHU [0 PiBHUX MiKPOCTPYKTYPHHUX
YUHHUKIB [3, 4]. ¥V 3B’A3KY 3 IIUM HepPCIeKTUBHUM € BUKOPUCTAHHSI Me-
TOAUK MATHETHOI MiATrHOCTHUKM, II[0 YMOIYKJINBJIIOE BCTAHOBUTHU 3aJIEMK-
HOCTi MiX MexXaHiYHUMU BJACTUBOCTSIMHU Ta CTPYKTYPHUMH CKJIATOBU-
MU 3 MAarHETHUMHU XapakTepucTukamu Merany. OgHaK I1e He TOCTimKe-
HO MUTAHHA IPOTHO3YBAHHS IIPAIe3JaTHOCTH JOBIOCTPOKOBO IPAILIOIO-
YUX TEMJIOTPUBKUX KPUIh 38 MAarHETHUMHU XapaKTePUCTUKAMU, HE BU-
pillleHO MUTaHHS BIJIMBY MiKPOCTPYKTYPHU Ha MarHeTHi XapaKTepUCTH-
KM iixHil 3B’ A30K i3 TpUBaJIO0 MiIlHicTIO.

3ampomnoHoBaHa METOAWKA, 3aCHOBaHA Ha BUKOPHCTAaHHI MarHeToa-
KYCTUUYHOTO BiATYKY MarHeTHUX MaTepifAsiB, YMOKJMBJIIOE IIPOBECTU
BUBUYEHHSA 3MiH (DEPUTO-TIEPIITHUX CTPYKTYP V IPOIleci eKciyaTarrii,
OIIiHMTH IXHil BILIMB Ha 3MiHY MarHeTHOI'O MOJIA, a TaKOXK Hagae iH-
CTPYMEHT IJIA BUSABJIEHHA OpaKyBaJbHUX CTPYKTYP MeTaay obJamHaH-
Hs y Opolieci eKcyarallii Ta Ha T04aTKOBOMY eTari po00THu eHepreTu-
YHUX YCTAHOBOK.

OcHoBHa ifjes poOOTH MOJATAE YV BCTAHOBJIEHHI 3B’ A3KiB MiK 3aMiHamMu
MiKpPOCTPYKTYPHOTO CTAHy 3 MAarHETHUMHU XapaKTePUCTUKAMU JJIs IIi-
BUIIeHHA e(DeKTUBHOCTY ITPOTHO3YBAaHHA ITPAIe3JaTHOCTHA METATY.

Opmep:KaHHA eKCIIePUMEHTAILHUX JAaHUX PO BILINB MArHETHOTO IIO-
JIS BayKJIMBE He TiMIbKU AJIA BUBUEHHS MOXKJIMBOCTEN BU3HAUEHHS BJac-
THUBOCTEM METaJiB i CTOIiB, aje i JJIA PO3YMiHHSA MPUYUH TAKOTO BILJIN-
BY, CTBOPEHHA Teopii BILJINBY MarHeTHOT'O OJIs Ha MaTepidan y mpoileci
CTPYKTYPHUX IEePETBOPEHbD.

B axocti marepisanis O0yjio BUKOPHCTAHO TPYyOM 3 HU3BKOJEI'OBAHOIL
Kpuili 12X1M® B cTaHi mocTaBKHU Ta 3 PiBHUMU TepMiHaMmu HaIpalfio-
BaHHdA. [[JIg DOCJIiAKeHb BUKOPUCTAHO 3Pa3Ky METAJIy TepMooOGpob.e-
HUX TPYO IIicasa cTaHIapPTHOTO TePMiuHOTo 0OpPOOJIeHHA, a caMe, HopMa-
aigarii (H) sa remmeparypu y 950-980°C Ta Bigmycky 3a TeMIiepaTypu y
720-750°C 3 BurtpuMKoio y 1-3 roguuu. Ciaig sasHaunTH, [0 BKa3aHi
TpyOu Masu pisHi TepMiHM HamparioBaHHA. 3pa3Ky BUPidaHO MeXaHid-
HUM cmoco0oM 6e3 meperpiBaHHSa MeTady. 3a ITUKJIIYHOTO IepeMarHery-
BaHHJ 3pasKiB i3 kpuii 12X1MD 3 MeTOI0 Ofiep:KaHHA eKCIIepUMEHTAa-
JbHUX JaHUX 1 mepeBipKM iXHiX pe3yJbTaTiB IPOBEAEHO MOCJIiIKeHHS
xapakTepucTuk BapkraysemoBmx mar"gerHux mrymiB. IIig wac mgocuri-
IKeHb IPoaHali30oBaHO IIOTOUYHI MArHeTHI XapaKTepUCTUKHU 3pasKiB Ta
B3a€MO3B’A30K iX 3 piBHeM Aerpagaiiii mepaiTHol ¢pasu Ta BUHIKHEHHIM
3aJIUNTKOBUX HAIpYy:KeHb. PidHMI piBeHb MiKpOHAIIPYKeHb i KiJbKic-
HU (asoBUil cKJam O0yJI0 3aJaHO 3a AOIIOMOTO0 BHOOPY 3pas3KiB 3 pis-
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HUM CTPOKOM HaIlpaIlOBaHHS I yMOBaMHU eKCILIyaTallii, MaKpoHaIpy-
JKeHb MexaHiuHuM nuiaxoM. Hocaig:xyBaHi 3pasku 0yJ10 BUpisaHo 3 HO-
BuX TPyO (3pasok Ne 1) i Tpy6 moBepxoHub HarpiBy KoraiB TIITI-210A:
KOHBEKTUBHUN mapomneperpiBau HudbKoro tucky (KIIII #.T.) i cTenbo-
Buii naponeperpiBau (CIIII) — spaskm Ne 2 ra Ne 3 BigmoBigHO.

Ha excnepuMeHTaIbHNX 3pa3Kkax BU3HAYAJNCA MeXaHiuHi BJIacTUBO-
cTi, a came, MeKa MIiITHOCTH, BiJHOCHE 3BYXKEHHSA Ta IIOJAOBKEHHS, BE-
JUYWHA TBEPAOCTU B oguHUNAX HB, gociigxyBaJjaca MiKpOCTPYKTypa
Ta BU3HauaBcA xeMiunuit ckaazn. Ilapamerpu marsetnux mrymis (MII)
peecTpyBaUCA 3 BUKOPUCTAHHAM MOAEPHIZ0BAHOT'O IPUJIALY AJA NOC-
dimxenus Bapxraysemosux mrymiB A®C. OcHoOBHA yacTHHA IPUIATY —
JaTUNK, AKUH CKJIASAEThC 3 eJIeKTPOMATHETY, SKUH 3a0e3meuye moTpi-
OHe HAaMarHeTOBYBaHHS, Ta IPUNMAIbHOI KOTYIIKHY, HA AKill HABOAUTE-
csa curuay BapkraysenoBux mrymiB. Ha ereKTpoMarseT mogaeTbCs IINAJI-
KoIlomiOHa Hampyra, 110 3abes3mneuye JiHiliHY 3MiHy MarHeTHOTO II0Jd Y
3amaHoMy aiAanasoni. 14 Hampyra TaKoK MOJAEThCSA HA OAUH 3 KaHAJIIB
anajoro-mudposoro nepersopioBaua (ALIl) gnsa ouudpysanua. Curuan
3 IPUHUMAJBbHOI KOTYIIKN IONAE€ThCS HA MiACUIIOBaY, 3 BUXOLY SAKOTO
BiH mocTymnae Ha inmwuii Kanaa AIIIL. Onudposani maHi 3 000X KaHATiB
AIIII mepenatoThcsa Ha MepPCOHANBHMUEN KoMl foTep. Curuas Big remepa-
TOpa MPOHOPIiliHMY iHAYKIiI MaruerHoro moJsda. CUrHAT 3 IPUNMAab-
HOI KOTYIIKU CKJAJA€ThCA 3 iHAYKOBAHOTO CUTHAJy T'eHepaTopa Ta
BapkraysenoBux mymiB, AKi MaioTh 0iabIn BucOKi vactoru. s posmi-
JIEHHS iX BUKOPUCTOBYETHCA (hiIbTep HUIKUNX YACTOT — YCEPEeTHEeHH Y
pyXoMOMYy BiKHi, ITMpHHA SKOTO Hig0MPaAEThCA JOCTITHUM IILIAXOM.
OnepsxaHnii ycepeqHEeHMIA CUT'HAJ BifHIMAaeThCcsa BiJ MOUYAaTKOBOT'O CHI-
HaJy; piskHUIA BigmoBimae BapkrayseHopum mrymam. ada mux mrymiB
TaKOXK Y PYXOMOMY BiKHi 3HaXOAUTHCS UCIIEPCis, AKa MOXKe CIYTIyBaTu
Mipoio iXHBOI iHTeHCMBHOCTH. Po3mmoain iHTeHcuBHOCTU BapKrayseno-
BUX IIyMiB B3JOBJK KPHUBOI HaMarHeTOBYBAHHS MOJKe CJYTyBaTH IJIsd
AKiCHOI OIiHKM 3MiHHN MOro MeXaHiuHuX BJIACTHUBOCTEH y IIPOIleci eKc-
mayarailii. ¥ po0oTi BUKOpHCTOBYBaBCA HAKJIAAHII mepeTBoproBau I1-
moAiOHOTO TUITY; YacToTa CTPyMy mnepemarueryBauuda — 10 I'r, ammri-
Tyma — 0,6 A.

3. PE3YJIBTATH i OBTOBOPEHHS

Yepes BiACYTHICTL 3arajibHOI Teopil MarHeTHOI CTPYKTYPOCKOIIil J0BO-
IUTHCS IMTYKATHU KOPEJAIil0 MisK MarHeTHUMU IIapaMeTpaMu, CTPYKTY-
PoI0 Ta MeXaHIYHMMH BJIACTUBOCTAMU KOKHOTO THOy Kpuili. Tomy,
aHaJIi3yI0uM BUXiAHUN MarHeTHUM cTaH MeTaJly, a IOTiM ioro sMiHy 4ue-
pes TpuBaJuil yac mig HaBaHTAKEHHAM aK 10 PpyHHYBaHHA MOXKHA OJie-
pskaTu iH(popMalliro IPo OCHOBHI 3aKOHOMiPHOCTiI 3MiHM MarHeToakKyc-
TUYHOTO BiATYKYy MarHeTHUX MAaTepidajiB 3a mMoaupiKyBaHHS IXHBOTO
CTPYKTYPHO-MEXaHIUYHOT'O CTaHYy.
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Puc. 1. Popma curnaiiB Big gaTuuka y dopmi mapasesnerminena: curaas, oaep-
JKaHWUU Bixg naBaya (a), 30BHiIIHi BuTAL gaBada (0).

Fig. 1. The shape of signals from the sensor in the form of a parallelepiped: the
signal obtained from the sensor (a), the appearance of the sensor (6).

OcHOBHUU MeTOJ ofiep:KauHsa iH(popMallii — e modyaoBa 3ajaeKHOC-
Teit 3i 3pas3KiB-CBiIKiB, 110 3HAXOMMINCH ¥ PeaJbHUX YMOBAaX €KCILIya-
Taii.

Tunogi curuaau MIII Big naBauiB y ¢popmi mapaseneninena sodbpaxke-
HO Ha puc. 1. [HTeHCUBHICTE IITyMiB 3MiHIOETHCA i3 3MiHOI0O MATHETHOT'O
moJIs y KOTYINI JAaBavya; Ha ofep:KaHill 3aJIe’KHOCTL JJIsd aHAJIi3u MU
BUKOPHCTOBYBAJIM PiBeHb IITyMiB 38 MAarHETHOTO I10JIs, 0Ju3bKOT0 10 0,
— Ucrap. 1 MaKCcUMaIbHE 3HAUEHHS I[BOTO0 CUTHANY U nax; iIHGOPMATUBHOIO

e NN
U, B (110Ty3KHICTR)
a

Puc. 2. KpuBi marseTHuX mIymiB 3paska HOBOI TpyOu: CUT'HAJ, OfEPIKAaHUU Bij
3paska (a), 3pa3ok 3a 36iabmienusa y 100 pasis (6).

Fig. 2. Magnetic-noise curves for a sample of a new pipe: signal obtained from
the sample (a), sample at 100 times’ magnification (6).
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MOsKe OyTH TakoK 3MiHa GopMU KPUBOI B IIPOIECci eKcIayaralrii Mmare-
pisry.

ITpoamanisysasiiiu rpagiku, mo 0yau mobymoBaHi 3a pes3yabTaTaMu
BUNpPoOyBaHb 3i 3pasKaMu MeTaJy, 110 He OyB B eKciayaraiii (puc. 2),
0aYMMO IPUCYTHICTH OAHOTO IEHTPATBHOTO MiKy HATPYTU U nax. 110 Mipi
30araueHHA (pepuUTHOI MaTpHUIli Kapbigamu, 110 BUIAAAIOTh IIiJ 4ac eKC-
miayaTalilii, Ta BUHUKHEHHSA 3aJUIIIKOBUX HAIPYKeHb MOYaTKOBUI ITiK
Mae 36iJbITyBaTHCa. 3HAUEHHA, IKUX OYJI0 Ofep:KaHO BUMipIOBAHHIM
MarHeTHUX IITYMiB 3i 3pa3kiB HOBOI TpyOu, B3ATO 3a omopHi. Tak, Unax
nopiBHIOE 0,31 B, Uy, Mae mokasuuk y 0,21 B.

3MiHa BeJIMYMHN MATHeTHUX IIMYMiB IIiJf Uac eKcIIyaTailrii mos’a3ana
3i CTPYKTYPHUMU 3MiHAMU, AKi COPUYNHEHi PO3IIagOoM TBEPIOTO PO3UM-
HY Ha OCHOBI o-3aJiza, mepekpucragisalieio KapoigiB aK Ha MeyKax 3e-
peH, Tak i B Tiyi 3epHa, Ta mMoB’A3aHi 3 He)eKTHOIO CTPYKTYPOIO KPHIILi.
Ha nepmriit KoporKoTpuBasiii cranaii ekcmyararii BigdyBaeTbca He3HA-
yHe IigBUINleHHA MinHOCTHU. Ile miaTBepmKyeThCA MiKPOCKOIIIYHUMUN
IOCJTiI:KeHHIMI CTPYKTYPH KPHUIIi, SKi IOKA3yIOTh, 1110 HA cTamil 3aMiIl-
HeHHJ Bif0yBaeThCA 3aKPilJIeHHA AMCJIOKAIlili B pe3yJbTaTi apeiidy mo
HUX JeT'yBAJbHUX €JIeMeHTiB i 30iJIbIIIeHHA OIIOPY PYXY BiIbHUX AUCJIIO-
Kallili uepes IMOABHU B IEPJIiTi 30H, 30araueHnX aToOMaMH JIeI' YBaJbHUX
eJeMeHTiB i yacTMHOK MeTacTabinbHOI a3y, KorepeHTHuX abo HamiB-
KorepeHTHUX 3 marpuiieio. I1i mpomecu npuBOAATE N0 IIiABUINEHHA Xa-
PAKTEepPUCTHUK TBEPAOCTHU Ta MIIITHOCTH KPHIli, a TAKOX HOHMKEHHA Il
mJaacTUYHUX i B’A3Kicuux BaactuBocTeil. Ha cranil monm:KeHHsa MimHo-
ctu Kpuiti 12X1M® micaa manpaioBanasa 20000 roaua BigbyBaeThes

Puc. 3. KpuBi marueTHuX mIymiB 3paska KOHBEKTHBHOTO IapolleperpiBaya Hu-
3bKOT'0 TUCKY: CUT'HAJ, OJepKaHUIl BiJ 3pasKa (a), 3pa3oK 3a 30iabirenas y 100
pasis (0).

Fig. 3. Magnetic-noise curves for a sample of a low-pressure convective super-
heater: signal obtained from the sample (a), sample at 100 times’ magnifica-
tion (0).
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YACTKOBE PO3UMHEHHS IIEePJIiTHOI CKJIAaMI0BOI 3 BUIIaAiHHAM Kapo6igis. 1o
sMminu nmapametrpiB MIII B cTopory 30iabIieHHA MOKAZHUKA Upay 1 3Mi-
IIeHHA H0ro B CTOPOHY OiJIBIIT BUCOKOT'O MATHETHOI'O IIOJIA IPUBOAUTH B
OCHOBHOMY 3MiHa MiKPOCTPYKTYPH.

Posrasmemo KpuBi MarmeTHuX MyMiB 3i 3paskiB gijgAHKY, 110 OyJia B
eKcmyarallii Tpyou eKpaHy 3 KOHBEKTHMBHOI'O IIapoleperpiBaua HU3b-
Koro Tucky (puc. 3).

ITIpoananisysasmiu rpadiku, moOygoBaHi 3a pe3yabTaTaMu BUIPOOY-
BaHb TPYOH, 1110 OyJia B eKCILIyaTallii 3 KOHBeKTHUBHOTI'O IIapoleperpisa-
Ya HU3BKOTO THUCKY, 0AUMMO HPUCYTHICTH OZHOTO IIEHTPAJIBHOIO IIiKY.
BBamaemo, 1m0 micia merpagailii mepJiTHOI Ta HacuueHHsS Kapbimamu
¢epuUTHOI CKJIAZOBOI CIIOCTEPiraeThcAd MNOHMKEHHS HAIPYTd CTapry.
Kpim Toro, BucoTy miKy Ta moJOoMKeHHd IIiKy HaMarajiucsa Takoxk Kope-
JIIOBATHU 3 MeXaHIUYHMMU BJIACTUBOCTAMHU (BKJIIOUAIOUYYN MEKY MiIlTHOCTH
Ta TBEPJICTB).

TsepaicTh MeTasly IIif yac eKcryaTarii 30ijbliniacss Ha He3HAUHi
BesqmunHN abo sanuinuniaca maiike 0es smin: HB=110-115. Mikpo-
cTpyKTypa BigmosBimae Bany 5 ([Homatoxk B «IIIkambl MUKPOCTPYKTYP
MeTaJlia KOTeJNbHBIX TPYy0 m3 cTaau Mapox 12X1M®, 12X1MOD-IIB,
15X1IM1D, 12X2MPCP» no TY 14-3-60:2009/TY V¥ 27.2-05757883-
207:2009).

Mexaniuni xapakrepuctTuku micas 116663 rogu exkcmiayarariii Tex
3aJIUINAIOTHLCSI HaA [JOCTATHBO BHMCOKOMY piBHi. Mexa wMimHocTm —
6s=51,2 kr/mm?; 8= 28,2%; y="75,6%. [erpagaris mepaiTHOI CKJIam0-
Boi mpuBeJsia 40 30iibIlIeHHSA MOKA3HUKA Upax 10 0,4 B Ta mOHMMKEHHSA
U crap. o moKasauka B 0,15 B.

CrpyKkTypa MeTaay 3paska Ne 3 cKJIagaeThbes i3 3epeH ¢epury, chepo-

0,51
0,7
= 0,6
057
5§ o]
M 0,31
D 021
0,11
0,0

S 6 4 -2 0 2 4 6 §
U, B (HOTV;KHICTE)
a 0

Puc. 4. KpuBi marseTHux IIIyMiB 3pa3Ka CTeJILOBOTO ITapoleperpisaya: CUrHasi,
omep:KkaHmU Bix 3paska (a), 3pasok 3a 36iabmrenrs y 100 pasis (6).

Fig. 4. Curves of magnetic noises of a ceiling superheater sample: signal ob-
tained from the sample (a), sample at 100 times’ magnification (6).
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TABJINIIA 1. MaruerHi Ta MexaHiuHi BJIaCTUBOCTI KPUIh.

TABLE 1. Magnetic and mechanical properties of steels.

Ominka
Ne . . 3ua-
apa- Mapra |Hamparmio-|TBepzaicTs, MikpocTpyKTypa MIiKPOCTPYKTY- | oo
sKa KpuIri BaHHA HB pu3zaTVy 14-3- U.B
460:2009 ’

1 [12X1M® 0 105-115 D +1II 4 0,32

2 |12X1M®| 116663 |110-115 DO+II+K 5 0,4

3 |12X1M®| 273239 |127-130 | T mepexpucra- 8-9 0,79

aizoBauuii II+ K

imm3oBaHUX 3epeH IepJIiTy Ta KapbimiB Mo Meskax 3epeH, i B IMOJIi 3epHAa
— Ban 9 (puc. 4). Me:xi 3epeH — HeUiTKi; 3epHa HepJiTy MalOTh PUXIY
oymoBy. Mikpoctpykrypa 3a COY-H EE 20.321:2009 3a mixaJjom cTy-
meHsd Aerpagallii mepiTHOI cKIagoBoi BigmoBigae Bamy 4.

Chepoigusaliisa sepeH nepJaiTy Ta Kap0ifiB y 3paskax mpuBeJia g0 30i-
JBITeHHS TMOKA3HUKA Unax a2k 10 0,79 B Ta moumxeHHA Uerap. 10 TOKA3-
Huka B 0,1 B.

IIpoBeneHi HA eHepPreTUYHOMY O0JaTHAHHI JOCTiMKeHHA YMOMKIUBU-
JIX y3araJIbHUTU PEe3yJIbTaTH I 0pOPMUTH iX V BUTJIAIL 3BeeHOl Tabm-
i 1. B rabauri 1 aaBegeno snauenusd (U, B) i posmoxinu MIII nisa spas-
KiB i3 xpuni 12X1M® 3 pisuumMu TepMiHaMu HampaiioBaHHS 3a (aso-
BUM i MiKPOCTPYKTYPHUM CTaHAMHA.

3 BUKOPUCTAHHAM JaHUX Tabsa. 1 0yio KiaacudikoBaHO KpuTepii Buo-
PaxkyBaHHA OKPEeMUX eJIEMEHTiB o0JIagHaHHA.

4. BUCHOBEKH

Bcranosiieno, 110 € ogHO3HAUYHA KOPEJAIlid MisK MarHeTOIHIYKTUBHU-
MU IIapaMeTpaMH MeTaJIeBUX MaTepisaiaiB Ta IXHIMH CTPYKTYpPHO-
MeXaHiYHUMHU BJACTUBOCTSIMHU, AKi 3MiHIOIOTHCA B IIpOIleci MexaHiuHoO-
o Ta TepMiuHOro o0po0JIeHb B Pe3yabTaTi MOANGDIKYBaHHSI MiKPOCTPY-
KTypH.

1. BcraHoBieHO, IO AeTrpajallid MepJjiTy B MaTepiali mMpUBOAUTL IO
30ibINIeHHS MarHeTOiHAYKTUBHOTO BiATyKy Marepiany (12X1M®), mio
OB’sI3aHO 3i 3pOoCTAaHHAM Me(EeKTHOCTH CTPYKTYpU MeTany (dacy Ha-
IpaIoBalHA, PO3NaA0M IIEPJiTy) Ta BUIIJIEHHAM KapOigHoi ¢asu 1o
MesKax 3epeH. AMILTITyZla MArHEeTOAKYCTUYHOTO BiITYKY 30i/IbIITYETHCA
3i BMEHITIEHHAM BMicTy epiiTy (puc. 5).

2. IlokasaHo, 1110 TiJ BIJINBOM TeMIIEPATYPHUX HABAHTAYKEHD I[€MEHTUT
MaiiyKe MOBHICTIO BHMKAE; CTPYKTYPHI 3MiHM IPUBOAATH i 0 3MiHU Me-
XaHiYHUX XapaKTepPUCTUK. BCTaHOBJIEHO AiAMNAa30HM 3HAUEHb iHTEHCUB-
HOCTH MAarHEeTHOTO BiATYKY JOCJiM:KeHUX 3pas3KiB: 0e3 HaBaHTaKeHH:
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Puc. 5. 3amexHicTh aMILIiTy A MAarHeTOAKYCTHYHOIO BiATYKY BiJg BMicTy mep-
JiTy.

Fig. 5. Dependence of the amplitude of the magneto-acoustic response on the
pearlite content.

(3a eKkcmIyaTalliiHUX TeMIlepaTyp) BoHU cKJamaioTh 0,3—0,35 ox.; min
"HaBanTa)keHHam — 0,4-0,45 ox.; mepen pyinysauuam — 0,7-0,8 og.
(meperpis).

3. Po3po0yieH0 MEeTOOUKY OIIiHKM CTPYKTYPHO-MeXaHiuHOrO CTAaHy Ma-
Tepisanay 3a pesyJbTaTaMM MipAHb MarHeTOIHAYKTHUBHOTO BiATryKy i
oJlep:Kato KOopeadliiii saje:kHocTi. BusHaueHO onTUMAaNIbHY KOHMIry-
pamiioo maBadiB OJisi MipAHHSA iHTEHCWBHOCTU BapKray3eHOBUX IIYMiB
JOCJILIKYBAHUX MaTePiaIiB.

4. Po3pobyieHO OpUT'iHAJBbHY METOAUKY AJIS OIMOCepedKOBAaHOTO BM3HA-
YeHHS 3MiH MiKPOCTPYKTYPHU Ta MeXaHiUHNX HAIPYKEeHb, II[0 BUHUKA-
IOTh Y MaTepisyii mig yac eKciryararii, mo MarHeTOiHAYKTUBHOMY Bi-
TYKY.
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Evolution of Copper Microstructure Subjected to Combined
Twisting and Drawing Technology

A.V.Volokitin, T. D. Fedorova, and A. I. Denissova
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This work studies evolution of copper microstructure during a combined de-
formation process. The essence of this process is in deformation of copper wire
in a rotating equal-channel stepped matrix with subsequent drawing. Deformed
wire is examined using transmission electron microscopy and EBSD analysis.
After three cycles of deformation, an ultrafine-grained gradient microstruc-
ture with a high component of high-angle grain boundaries is obtained.

Key words: copper, wire, twisting, drawing, microstructure.

Y pob6oTi mocIiKeHO eBOTIOiI0 MiKPOCTPYKTYPH Mifli B IpOIieci HOBOTO CyMi-
meHoro mpoiecy AedopmyBanHs. CyTh ITLOTO IPOIIECY MOJATAE B AehopMyBaHHI
MiZHOTO APOTY B 06ePTOBil piBHOKaHANBHIN CTYIIiHYACTiN MaTpHUILi, 1110 o0epTa-
€Thbes, 1 momanbiioMmy BosodinHi. HocmigskeHHa nedopMOBaHOrO APOTY IIPOBO-
IUJIOCA 3a JOIIOMOTOO IIPOCBITHOI eJleKTPOHHOI MiKpockomii i1 aHamisu EBSD.
ITicoma TphoxX MUKIIB AeopMyBaHHA OFEPIKAHO VILTPAAPiOHO3EPHUCTY I'pasie-
HTHY MiKPOCTPYKTYPY, IIJ0 Ma€ BICOKY CKJIaTOBY BUCOKOKYTOBIX MEJK 3€PeH.

Karouosi croBa: Migb, IpiT, CKPYYYBaHHS, BOJOUiHHS, MiKPOCTPYKTYpA.
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1.INTRODUCTION

In the production of current conductors and thermal engineering, cop-
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per is used as a material with high electrical and thermal conductivity.
Abroad, interest in problems of physical and mechanical properties of
functional conductor materials forming has recently increased due to
the need to stabilize properties of current conductors and increase
their reliability, including in heavily loaded cable systems, windings of
motors and generators, and low-current computer networks. Also, in
recent years, technologies for the production of copper products, its
grades, and research methods have been continuously improved. As a
result, it turned out that old approaches for explaining phenomena
that arise in production conditions ceased to fulfil their role.

As a result of large deformations, grain structure of the metal
reached the level of nanosizes, and the workpieces themselves turned
out to be highly textured, both due to a very high level of deformation
and due to the absence of intermediate annealing, latter being dictated
by the energy and resource saving. The structure and texture for-
mation processes under large accumulated deformations are of partic-
ular interest. Therefore, in the last two decades, much attention has
been paid by researchers to the production of ultrafine-grained (UFG)
structures in metals and alloys by methods of intense (large) plastic
deformation (SPD), due to the possibility of a sharp increase in their
strength by up to 2-5 times [1-7]. At the moment, technologies that
most effectively refine the structure include methods that, during
multicycle processing, implement a simple shear scheme. However,
despite the large number of methods developed and research conduct-
ed, all methods of severe plastic deformation developed to date have
many different shortcomings, the most important of which is the limi-
tation of workpiece in size [8—10]. Therefore, development of new pro-
cesses for producing high-strength materials with improved strength
properties is a relevant and important issue for the development of
production. In this regard, the use of an improved drawing method,
combining torsion methods that implement a simple shear scheme and
classical process of drawing through a die, makes it possible to expand
boundaries of traditional structural materials use.

The process developed in this work is based on the method of drawing
in a rotating die; this technology is aimed at the reducing of drawing
force at the contact between the tool and workpiece and allows obtain-
ing a gradient structure. Following this technique, scientists [11] de-
veloped a shear drawing method, which consists of drawing of original
workpiece through an asymmetrical conical channel formed by two dies
with simultaneous rotation of one of the dies[11]. An important differ-
ence between our method and the method described in [11] and other
known methods of intensive drawing is that the workpiece is twisted in
an equal-channel stepped matrix due to its rotation around the axis of
workpiece, which makes it possible to achieve twisting throughout the
entire volume of the workpiece with subsequent calibration cross sec-
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tion due to the passage of die channel. Drawing after severe plastic de-
formation in a rotating equal-channel stepped matrix was chosen be-
cause of the simplicity of the process and high tensile stresses arising
directly in the deformation zone, which ensures the straightness of
wire during processing. An equal-channel stepped matrix, which stands
before drawing die, ensures the implementation of transverse and lon-
gitudinal shear deformations, this will eliminate the most important
drawback of the drawing process, namely, low plasticity.

In this regard, the purpose of this work is to study the processes of
structure formation in copper subjected to deformation using the com-
bined technology of twisting in an equal-channel stepped matrix and
drawing.

2. EXPERIMENTAL

Physical laboratory experiments were carried out in order to study the
effectiveness of developed technology. The model material was wire
made of commercially pure copper grade M1 (99.9 Cu) with a diameter
of 6.5 mm.

The essence of technological process is the deformation of wire in a
rotating equal-channel stepped matrix and subsequent drawing. The
matrix rotates around the wire axis and thereby creates tension due to
equal channel angular drawing and twisting in the matrix. Rotation of
matrix is carried out in a specially designed mechanism, which is in-
stalled in the equipment line of drawing mill in a block with technolog-
ical lubrication, which allows the supply of lubricant to the matrix and
the die in the drawing block (Fig. 1). The lubricant consists of soap
shavings and serves to reduce the forces that arise when pulling the
rods through the working grooves of the die.

Special design of rotation module is a series of alternating gears in-
stalled in a vertical plane, connected by two frames. Rotating die de-
sign consists of two separate segments, which allows sharpened wire to
be threaded first into the drawing die and the front end of the wire to
be secured in the drawing drum jaws, then, laid the wire between the
segments of equal-channel stepped matrix. Two matrix channels (input
and output) are located parallel to each other, with the central channel
at an angle of 145° to the input and output channels. The inlet and out-
let channels are conical in shape to facilitate wire removal and lubri-
cant injection into the die. The bandage of rotating installation has the
same geometry, which makes it possible to bring two segments togeth-
er without additional fasteners. The matrix is installed in the bandage
using wedging type. Rotation of matrix is carried out by transmitting
torque from the drive gear through the intermediate gear to the matrix
band, in which it is installed.

Technology of twisting process in an equal-channel stepped matrix
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Fig. 1. Scheme of wire deformation combined process: wire (1), drawing block
(2), bed (3), drive gear (4), intermediate gear (5), bandage (6), equal-channel
stepped die (7), die stand (8), die hole (9).

followed by drawing does not differ significantly from classical draw-
ing. At the first stage, wire is sharpened on a sharpening machine to
the required diameter. Next, the wire is passed through a chamber
with lubricant in which the rotation mechanism is installed. The wire
passes through the hole in the die bandage and then through the hole in
the die. The front end of wire is fixed in the drawing drum pliers.
Next, two segments of an equal-channel stepped matrix are installed
around the wire and inserted into the bandage using the wedge princi-
ple. At this stage, all preparatory operations are completed.

After which the mill is started up, reaching the planned drawing
speed, and in parallel the mechanism that rotates the equal-channel
stepped matrix is set in motion.

An important condition for the occurrence of this process is the co-
ordination of drawing speeds in the die and in the equal-channel
stepped matrix with the rotation speed. The forces created in the
workpiece being processed should not exceed material tensile strength.

To implement the combined technology when deforming copper
wire, an industrial drum drawing machine B-1/550M was used. De-
formation was carried out at room temperature using the Bc route (the
rotation of the wire after each deformation cycle was carried out at
90°) [12, 13]. The number of passes is 3. Reduction in wire diameter
after each deformation cycle is 0.5 mm. So, after 3 passes of defor-
mation, we obtained a wire with a diameter of 5.0 mm.

Metallographic analysis was carried out using a JEM2100 transmis-
sion electron microscope. Foil was made from planes perpendicular and
parallel to the drawing direction.
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Diffraction techniques for measuring crystal orientation in local-
ized areas, such as EBSD, now play an important role in characterizing
small-scale microstructural features. EBSD analysis was carried out on
a Philips XL-30 REM instrument with a field cathode. To distinguish
between low-angle grain boundaries and high-angle grain boundaries,
statistical analysis was performed using a critical misorientation angle
of 15°,

3. RESULTS AND DISCUSSION

Metallographic analysis of deformed copper wire was first carried out
using an optical microscope to observe general appearance of structure
refinement. Cross-sectional optical microscope examination shows a
gradient structure. Surface layer is refined to 500 nm to a depth of
~1 mm. Further, grain size increases towards the central part of the
wire and amounts to 4 pm.

Figure 2 shows TEM photographs of microstructure. The first image
was obtained at a distance of 0.2 mm from the surface of wire (sur-
face layer) (Fig. 2, a). As can be seen, grain boundaries are fibrous and
curved, which is usually characteristic of a large number of defects;
average grain size is 500 nm. Following TEM image was obtained at a
distance of = 2 mm from the wire surface (middle layer) (Fig. 2, b). Bi-
modal structure, which consists of small grains with high-angle
boundaries and large grains with a developed substructure, was
formed. Average grain size is 2 um. A fine structure is formed inside
the grains in the form of clusters of dislocations and cells. And the last
image was obtained from the central part of wire (Fig. 2, ¢). The struc-
ture presented a cellular dislocation structure of deformation origin
with an average grain size of 4 um. Observed as large grains with a
small number of subboundaries, as well as grains containing large

Fig. 2. Microstructure of a deformed copper wire in a cross-section: surface
layer (a); middle layer (b); the central part (¢).
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Fig. 3. Orientation maps of copper wire microstructure in cross-section: sur-
face layer (a); middle layer (b); the central part (c).

number of subboundaries.

EBSD analysis was performed for quantitative analyse of high-angle
and twin boundaries at different depths presence (Fig. 3). As a result
of EBSD analysis, it was found that almost all grains are involved in
twinning process; such active twinning leads to increasing of high-
angle boundaries. Formation of new high-angle boundaries leads to a
decrease in average grain size. As described in [14, 15], the voltage re-
quired for twin nucleation increases with decreasing grain size faster
than the voltage required to activate slip. This can explain the fact that
the largest number of twins occurs in the middle layer of wire.

The proportion of high-angle boundaries in the surface layer of de-
formed wire is 68%, in the middle layer—=42%, and in the centre—
= 25% (Fig. 4).

The formation of a gradient microstructure after deformation by a
combined technology in a rotating equal-channel stepped matrix and
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subsequent drawing is associated with the existing deformation mech-
anism. Due to the combination of two deformation processes, large
grains are constantly refined on the surface with increasing defor-
mation. Moreover, during drawing, formation of new boundaries does
not occur; all fragmentation of the structure occurs in an equal-
channel stepped matrix during shear deformations due to mechanical
twinning. Therefore, the main formation of structure is realized dur-
ing shear deformation in the matrix, which is inherited during draw-
ing.

4. CONCLUSION

The work examines copper wire deformed using a new technology, dis-
tinctive feature of which is the combination of a shear pattern and a
tension pattern in one deformation zone. The alignment was made pos-
sible by simultaneous deformation of wire in a rotating equal-channel
stepped matrix and drawing. As a result of deformation, copper wire
with a gradient structure was obtained. The surface layer is refined to
500 nm to a depth of 21 mm. Further, the grain size increases towards
the central part of wire and amounts to 4 ym. The proportion of high-
angle boundaries in the surface layer of deformed wire is 68%, in the
middle layer—= 42%, and in the centre—= 25%.

This research is funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP19676903).
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IIig wac BuOOpy HpHCAgHUX MATEPiAJiB IAA aZUTUBHUX TexXHOJOTiH 3D-
HATOILJIEHHA BasKJIWBY POJIb HabyBae yTOUHeHHSA AedopMaliifimoi 3maTHOCTH
6araToIapoBOT0 HATOIIJIEHOTO METaNy Y CTPYKTYPHOMY cTaHi «as built», aky,
B CBOIO Uepry, IPOIOHYETHCA CHiBBiAHOCUTH 3 eKCIIEPUMEHTAJIbHUMHU JaHUMU
3abesneuyenna/He3abe3neyeHHA TEXHOJOTiUHOI MiITHOCTM BiAHOBIZHWX BUPO-
6iB. 3aIPOIIOHOBAHO METOAUKY TECTYBaHHS MPUCAJHOTO MaTePiAly HiKJIEBOTO
CTOTY IJisl IJIAHOBAHOTO 3aCTOCYBAHHA Y TeXHOJIOTiAX 3D-HATOILJIEHHS, IO
IPYHTYETHCA Ha IPOBEIEHHI AJA Ofep:KaHOTo 0araToIapoBOTO HATOILJIEHOTO
MeTaJy OIIiHOUHMX MeXaHiuHMX BUIPOOYBaHb HA IIOB3NOBMKHINM CTATHUYHUMN
poatar (20, 1000, 1100°C), cratruune Ta yaapue saruaadas (20°C). 3azHaueHy
MEeTOAMKY Bepu(piKOBAHO IMIJISXOM TecTyBaHHsS 14 BUAiB mpucagHOTO MaTepi-
Axy y opmi gpoTy Ta mopoIinky. BigmoBigHMiT HaTOMJIEHUN MeTa HiKJIEBUX
cromiB Hastelloy C22, Inconel 625, 311648, YC40, Inconel 718, Inconel 939,
Rene 80, Inconel 738LC, JKC6K, JKC6Y, JKC32 O0yB omepxanuii 6araTomrapo-
BUM JYTOBUM HATOILJIEHHAM 3aTOTOBOK «BEPTHKAJNbHA CTiHKa». BusBieHo n1Ba
YUHHUKYA TeXHOJOTiYHOTO BIJIMBY Ha AedopMalliliHy 3JaTHiCTbL HATOMIJIEHOTO
MeTaJly HiKJIeBUX CTOIIB y CTPYKTypHOMY cTaHi «as built»: xemiunuii ckian
CTOIIY 3a BMiCTOM OCHOBHUX JeryBanbHUx ememenriB Al, Ti, Nb, Ta, W, agar-
HUX 3a IIeBHOI IXHBOI KiJIbKOCTU yTBOpIOBaTH Y'-ha3y LJad JUCIEePCHOTO 3MiIl-
HeHHsA; cepedHboBaroBuii Bmict gomimmox Oxkcureny ta HiTporemy. 3a omep-
JKAHMMHU eKCIIEPUMEeHTAJbHUMU JaHUMU KPUTHUYHOI pyiiHiBHOI gedopmarii &,
MaKCHUMaJbHOTO KyTa 3arnHaHHS O YTBOPEHHS TPIilMHU [3 Ta HOKa3HUKA
ynapaoi B’as3koctu KCU 3anponoHOBaHO HATOILJIEHUI MeTaJs HiKJeBUX CTOIIiB
OOJiIATH Ha TPU I'PYIIH, 110 HA CYYACHOMY €Talli POBBUTKY TEXHOJIOTi IIpoMe-
HEBOT'0 Ta AyroBoro 3D-HATOILIEHHS CHiBBiIHOCATHCS 3 MOKJINBICTIO 3a0e3IIe-
YeHHs I0ro TeXHOJIOriuyHOoI MiIfHOCTH.

Karouosi ciroBa: aguTusHi TexHoJiorili 3D-HATONJIEHHsS, TEXHOJOTIUHA MiIl-
HiCTh, KApPOTPUBKI Ta KapoMillHI HiKJeBi cTomm, CTPYKTYPHUH CTaH «as
built», mexaniuni Bunpo6yBauHsa, nedopmaliifina 3JaTHICTb HATOILJIEHOTO Me-
Tany, cepegHbOBAaroBuil BMicT gomimox Okcureny ta Hitporeny.

During selection of filler materials for 3D deposition additive technologies,
it is important to clarify the deformation capacity of multilayer-deposited
metal in its ‘as-built’ structural state, which in its turn is suggested to be
correlated with experimental data on ensuring or not ensuring the technolog-
ical strength of corresponding products. A testing method of nickel alloys
planned for applied application in 3D deposition technologies is proposed and
based on conducting evaluation mechanical tests for multilayer-deposited
metal, including longitudinal tensile tests (20, 1000, 1100°C), static and im-
pact bending tests (20°C). This method is approved by testing on 14 types of
wire- and powder-based filler material. Corresponding deposited metal of
Hastelloy C22, Inconel 625, 911648, YC40, Inconel 718, Inconel 939, Rene
80, Inconel 738LC, #KC6K, JKC6Y, JKC32 nickel alloys is obtained by multi-
layer arc-welding deposition of ‘vertical wall’-type workpieces. Two techno-
logical factors affecting deformational capacity of nickel-alloy-deposited
metal in ‘as-built’ structural state have been exposed: the chemical composi-
tion by criteria of Al, Ti, Nb, Ta, W main alloying-elements’ content, which,
given their certain amount, are capable of forming y'-phase precipitate hard-
ening; average weight content of oxygen and nitrogen. Based on the obtained
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experimental data on critical deformation ¢, maximum bend angle before
cracking B and impact strength KCU values, it is proposed to divide the nick-
el-alloy-deposited metal into three groups, which correlate with the possibil-
ity to provide technological strength at the current level of beam and arc 3D
deposition technological development.

Key words: additive 3D technologies, technological strength, heat-resistant
and high-temperature strength nickel alloys, ‘as-built’ structural state, me-
chanical tests, deformational capacity of deposited metal, average weight
content of oxygen and nitrogen.

(Ompumano 30 eepecns 2023 p.; ocmamoun. eapisnm — 15 aucmonada 2023 p.)

1. BCTYII

ITompu sHauHi ycnixy B pO3BUTKY afUTUBHUX TEXHOJIOTiH Ha 0asi jJase-
puoro [1-3] Ta myroBoro [4—6] mpolleciB aKTyaJbHOIO 3aJIUIIIAETHCS
npobseMa po3poOKM KPUTEPIiB OMiHKM IIPUAATHOCTU CTOIIIB HA HiKJe-
Bi#f OCHOBI ZJ1A IXHBOT'O 3aCTOCYBAHHA y TAKNX TEXHOJIOTisAX, 30KpeMa,
PO3MIOPOITTEeHUX ITOPOIITKOBUX MATEPiAJiB 3 TOUKU 30PY IXHBOI AKOCTMH.
s ¢axiBig-sBapHHKa OCHOBHOIO TE€XHOJIOTIUHOIO IIPO6JIeMOI0 3aCTO-
CYBaHHSA TaKUX MaTepisariB € HeOe3IleKa MOSIBU B 0AaraToiapoBoMy Ha-
TOILJIEHOMY MeTaJIi TPillluH, AKi 3a MisKHapomHUM cTanzapToM [7] Kia-
cudikyoThCA AK rapadi. 3rifHO 3 cy4YacHUMH yABJIEHHAMHU [7], BoHU
momisifoThes Ha Kpucramisamiiiai (solidification cracks), miksarmiiiui
(liquation cracks) ta Tpimuau mposaay miaactuuHoctu (ductility dip
cracks). 3a meBHUX yMOB IIYIIKOCTHU 3BAPHOTO 3’€IHAHHA BOHU MOXKYTh
YTBOpIOBATUCA IIiJ Ai€ro TepMmoaedopMaIiiiHOro UKy 3BapOBaHHA [8,
9] 3a paxyHOK Aii TMMYacoBUX i 3aIuIIKOBUX AedopMalliii po3TAry Ha
cTamii OXOJIOM:KeHHsS 3BapHOTO 3’€qHAaHHS ab00 HATOILJIEHOTO MeTaJy.
HesBaskarooun Ha 3HAUHY KiJTbKiCTh BiTUMSHAHUX Ta iHO3eMHUX ITY0JIi-
Kalliii, IpucBAYeHUX ampodairii HiKJIeBUX CTOMHIB B afUTUBHUX TEXHO-
Jgorigx, manpukaan [10—-14] Ta [6, 15, 16] BigmoBigHo, ageKBaTHUX
KpuTepiiB mpuaaTHOCTM HiKJIEBOT'O CTONIY IO 3aCTOCYBAaHHSA B aJUTUB-
HUX TeXHOJIOTiAX noci He chopMOBaHO.

HemonasHi nocrimxenusa paxismis IE3 im. €. O. ITatroma HAH VYkpa-
iHU IMOKAa3aJin, IO IIPU HPOrHO3YBaHHI TeXHOJIOTiYHOI MiITHOCTHU 3Bap-
HUX 3’€IHaHb «OCHOBHUI—HATOIIJIEHUN MeTal» BayKJIMBO BPaxXOBYBaTHU
0co0JIMBOCTI JedopMalliifnoi 3JaTHOCTI HATOILIEHOTO MeTaJIy HiKJIeBUX
JKapOMIITHUX i KapoCTiHKMX CTOIiB, 30KpeMa, B CTaHi 6e3mocepeaHbo
micas maromtenua [17-19].

Hana poboTa mpezncTaBJisge cob00 cIpoldy CUCTEMHOI aHaJisu medop-
MaI[iiiHOl 3IaTHOCTH HATOILJIEHOT'O0 MEeTajJy PidHMUX JKAapOTPUBKUX i JKa-
poMinmHUX HiKJeBUX CTOIIiB 3 pisHMM BMicToM momirox OKcCHUTeHY Ta
HiTporeny, omineHoi AK 3a KOMILJIEKCOM THUIIOBUX MEXAHiUYHUX BUIIPO-
OyBaHb Ha CTATUYHUU PO3TAr, CTATUYHE Ta yaapHe 3arMHAHHS 34 KiM-
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HaTHOI TeMIlepaTypu, BiZoMuM 3 uYaciB BBeIeHHA HOPMAaTUBHO-
TeXHIYHOTr0 JOKYMEHTY 3 OI[iHKM MeXaHiYHUX BJIACTHBOCTEH 3BapPHUX
3’egHanb [20], Tak i JOITOBHEHOI HOBUMHU €KCIEePUMEHTAJIbHUMHU JaHU-
MU BUIIPOOYBaHb Ha CTATHUYHHIA po3TAr 3a Temmepatryp y 1000 ta
1100°C, u1o st yMOB 3BapIOBAHHSA/TOIJIEHHS BUCOKOMKAPOMIITHMUX Hi-
KJIEBUX CTOIIiB BiJIIOBiZal0OTh iHTEpBasy MOpPOBaJly ILJIACTUYHOCTU —
ductility dip range (DDR)[21, 22].

2. MATEPISIAJIM TA METOAH JOCJJAIIJEHD

B naniit poboTi ananisyBanucs mpucanii marepisan (ITopoIok hpaKiti-
€0 (53—-63)—(150-163) mxmMm, apit & 1,6 mm) Ta BigmoBigHUIT HaTOMIIE-
HUUN MeTaJ HiKJEeBUX KapOTPUBKUX 1 »KApPOMII[HMX CTOMiB, XeMiuHUH
CKJIQ AKUX HaseleHo B TadJI. 1.

IlomepenHbo B mpucagHUX MaTepidjiax, IO HaAaJi BUKOPUCTOBYBa-
JIMCS IJIsT HATOIIJIEHHS, 3a CTAHAAPTU30BAHOI0 METOAMKOIO BiIHOBHOTO
TOIJIEHHS B IIOTOIi rady-Hocisa Bu3HauaBcda BMicT goMitok OKcureny ta

TABJINAIA 1. Xemiunuii ckaj[ KapOTPUBKUX 1 KapOMIITHUX HiKJEBUX CTO-
miB, 3 AKUX BUTOTOBJIAJINCA PO3IOPOINEH] ITPpUCagHI TOPOIIIKH.

TABLE 1. Chemical composition of heat resistant and high-temperature
strength nickel alloys, used for filler powder atomization.

% Bar.
Ne Cron - -
c Jor | mi |Al| Ni [Mo| W [Co[Re| Ta | Nb
1 Inconel625 <0,10 220" <04 <0,4 >580 >0 <1,0 - 3,15-4,15
=Y, 23,0 =U, =Y, = ) 10,0 =4 ’ ’
Hastelloy 20,0- _ 12,5- 2,5— _ B _
2 029 <0,15 ‘5 Ocm. 0 3% <25
19,0- 2,4~ 8,0- 45- ~
3 UC40 <0,05 510 57 Ocm G0 B
32,0- . . . 0,5 2,3- 4,3- _ _ _
4 DI648 <010 527 0,5-1,1 1O Oem. 3y U 0,5-1,1
17,0- 0,65—- 0,2— 2,8 4,75
5 Inconel 718 <0,008 21,0 1,15 08 OcH. 3,3 <1,0 5,50
20,0- 1,0- 1,5— 16,0- 1,0-
6 Inconel 939 <0,15 53 3,2-4,3 3 Ocm. - 5% oo - g 0,5-15
. 0,15~ 13,7— , o . o 2,8- 3,7- 3,7- 9,0-
T Rene80 (o g9 48527, O o U (00 <0,10 <0,10
Inconel  0,09- 15,0- ,, , . 3,2— 1,5- 2,2- 8,0~ _  1,5— .
8 ‘7ssLc 0,13 17,0 2237 37 Ocm 4 30 95 2,0 0-6-1,2
0,13- 95— ., oo 5,0- 3,5- 4,5- 4,0- B
9  JKC6K 0,20 120 25732 G Ocm ST LT T <04 <2,0 1,4-18
0,13 8,0- . o b,1- 1,2- 9,5- 9,5- ~
10 JKC6Y 0.00 95 20729 g Ocm GO0 PO TP <0,4 <1,0 0,8-1,2
1 9RC32 0,12- 4,3 5.6- o 08~ T.8- 8,0~ 35~ 35—, g

0,18 5,6 - 6,3 1,4 95 1’0,0 4,5 4,5




®OPMYBAHHS KPUTEPIIB OIITHKU ITPUTATHOCTU BACTOCYBAHHS 133

ITpodosicennsa mabauyi 1.

Continuation of Table 1.

He 6inpire, % Bar.
Ne Cron
A% Fe Si Mn S P
1 Inconel 625 - <5,0 <0,5 <0,5 <0,015 <0,015
2 Hastelloy C22 <0,35 2,0-6,0 <0,08 <0,05 <0,02 <0,02
3 uC40 - <5,0 <0,3 <0,5 <0,010 <0,010
4 I11 648 - <4,0 - <0,5 - -
5 Inconel 718 - 18,5 <0,35 <0,35 <0,015 <0,015
6 Inconel 939 - <0,35 <0,20 <0,20 <0,01 <0,010
7 Reneé 80 - <0,35 <0,50 <0,5 <0,015 <0,015
8 Inconel 738LC - <0,50 <0,30 <0,20 <0,015 <0,015
9 JKC6K - <0,5 <0,25 <0,20 <0,010 <0,010
10 JHC6Y - <0,5 <0,25 <0,20 <0,010 <0,010
11 HC32 <0,15 <0,5 <0,20 <0,30 <0,005 <0,010

Hirporeny [23, 24]. [lna mocaigsxeHs medopMarliiiHol 3JaTHOCTU KOMK-
HOTO i3 JOCHig:KyBaHMX BHULIB HATOILIEHOTO METAJy 0araToIIapoOBUM
MiKpOIJIa3MOBUM ITOPOINTKOBUM HaTomiaeHHam (MIIH) [6, 17-19] a6o
aprouoayrosuM HatomeHHAM (AIIH a6o TIG-mpoiiec) BupoIyBaiacs
3BapHAa 3aroTOBKAa «BepTHKAaJbHA CTiHKa» (puc. 1) moB:kuHOIO ¥y 65—85
MM. ¥ SAKOCTi OCHOBHOT'O METAJy BUKOPHCTOBYBAJACA MPAMOKYTHA ILjIa-
CTUHA 3 ayCTeHiTHOI Heip:KaBiliHOI Kpurli ToBIMuHOW y 2,8—3,2 MmMm. 1A
MITH BuropucroByBasaca ycraHoBka MCT-50, y ckaang axoi BXOAUB
TIOPOIITKOBUIL 03aTOP, a mia AJIH — sBaproBaibHe J3Kepeso KUBJICHHA
KEMPPI MASTERTIG MLS 3000 pasoM 3 mpuBOIOM HepeMiIlleHHA i
mogadi spapioBaJbHOTO ApoTy AJl-228.

011 12

a o

Puc. 1. 3oBHIIHIN BUTIAL 3BAPHUX 3arOTOBOK «BepPTUKAJBHA CTiHKA» B IIPO-
meci 6araToIrapoBor0 HATOILIEHHA: MiKpOILJIa3MOBOT'O IIOPOIIKOBOTO (a), ap-
roHOAYyTOBOTO (6).

Fig. 1. ‘Vertical wall’ type multilayer deposited weld workpiece: microplasma
powder deposition (a), TIG deposition (6).
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ITapameTpu pekuMy IJis MiATOTOBKY 3BapHUX 3aTOTOBOK CKJIAJAJIN:
nnss MIIH — cepemHbokBagpaTuuHe (Iiloue) 3HAUEHHS iMITyJILCHOTO
3BapooBaabHOro cTpymy I =20-35 A, manpyra ma aysi U =22-23 B, mo-
Java IpucagHoro mopomky G,=2,5—4r/XB., MBUAKICTL HATOIJICHHS
v=0,8-1,5m/rox; gnsa AIIH — cepenapoxBaapaTuuHe (Iitoue) 3sHaAUEH-
HS iMIyabcHOTO 3BapioBasibHOro cTpymy I =80-115 A, manpyra Ha aysi
U =12 B, mBuakicts nmogaui mpucagmoro apory G,=120m/ron, mBum-
KicTh HaTomIeHHs v =5—10 M/Tox. ¥ AKOCTI MpucagHOTro MaTepianty 3a-
CTOCOBYBAJINCA: HOPOIIOK (ppakiriero (53—-63)—(150—-163) MmKkM; 3Bapio-
BasibHUM ApiT & 1,6 MmM. K 3axucHe cepenoBUIlle, BUKOPUCTOBYIOThCS
HACTYHOHI TeXHOJIOTiuHi rasm ariguo 3 Kaacudikariero 3a [25]: miaaszmoy-
TBOpIOBaNbHUM Yy KigbKocTi 0,5—1,5 1/xB. — [1-100Ar, TpamcmopryBa-
abHUN y Kigbkocti 3—6 a/xB. — I1-100Ar, saxucHuil y KiJabkocti 5—
10 1/xB. — cymim R1-ArH-10. [I1a aproHOAYTrOBOTO HATOILJIEHHSA, SIK
3aXUCHUM ras, BukopucroByBascda [1-100Ar y kinmbkocTi 10—12 1/XB.

Bararorapose HaTOILIEHHA 3BAPHOI 3arOTOBKM «BePTHUKAJbHA CTiH-
Ka» BUKOHYBaJocs a0 BucoTu y 30—35 MM 3 THIIOBOIO BMCOTOIO HATOI-

T el

T i
| R,

I|IHi|II|I|IIHIlH15I
4 5

Puc. 2. [Ipukiaag cxemMu PO3KPOIO0 MeXaHiYHO 00p00IeHOT 3aTOTOBKY HATOILJIEHOTO
MeTaly «BepTHKAJIbHA CTiHKA» 3a BUTOTOBJIEHHS 3Pas3KiB AJId MeXaHiUHUX BU-
npoOyBaHb eJIeKTPOepo3iiiHOI0 pidkoio. Ilo3HaueHHS BUAIB 3pas3KiB: I — 3pasok
151 BUTIPOOYBaHDb HA TMOB3OBIKHINM CTATUYHUM PO3TAT, 2 — 3Pa30K JJIA BUIIPOOY-
BaHb HA yIapHe 3arMHAHHS, 3 — 3Pas0K [AJis BUIIPOOYBaHb HA CTATUYHE 3arMHAH-
HA.

Fig. 2. Cutting scheme for mechanically processed ‘vertical wall’-type depos-
ited metal workpiece to produce mechanical-test samples with electric-
discharge cutting. Sample types’ designation: 1—longitudinal static tensile-
test sample, 2—impact bending-test sample, 3—static bend-test sample.
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Jgenoro miapy 3a MIIH y 2,5—-3,5 mm, a 3a AIIH — y 1,5-2,0 mm. IITu-
PpMHA HaTOIJIEHOTO BaJauKa ckaagana 4,5—6,0 mm ra 8—9 mm. 3asHaueHny
BigminHicTh napamerpiB pexxumis AIIH i MITH ra mupuHMT HaTOIJIEHO-
To BaJInKa 0yJI0 3yMOBJIEHO PisKHUIEIO Y HAIPY3i Ta TEIJIOBUX XapaKTe-
pucTUKax BiATOBiAHMX 3BapioBaJbHUX IyT [26] Ta ocobsmBocTAMU (GoO-
PMyBaHHSA HATOILJIEHOT0 BAJNKAa HA By3bKiit ocHOBi [27].

Iliciyis HaTOM/JIEHHA KOMKHOI'O BAJIMKA BiH OXOJIOMKYBaBCs HaA IMOBiTPi
0 KiIMHATHOI TeMIlepaTypHu Ta BUKOHYBAJIOCS IIPOMiKHe MeXaHiuHe 00-
pobJieHHST BepXHbBOI Ta O0KOBUX YaCTHUH IIOIepeIHLO HATOIJIEHOI'0 BaJIu-
Ka abpasuBHUM, a IOTiM TBEPIOCTONHUM (YNCTOBUH IPOXig) iHCTpyMeH-
TOM, 30KpeMa JIJIsI BUAAJeHH IIPUIOBEPXHEBOTO OKUCHEeHOTo 1mapy. ITi-
CJid 3aKiHUeHHSA HATOIJIeHHs OOKOBi IMOBEepXHi i€l 3aroToOBKM IIigJisara-
JI1 MeXaHiYHOMY 00pO00JIeHHIO ILIi()yBaHHAM J0 TOBITUHU Y 2,5—3,0 MM.
Y pasi BizcyTHOCTHU AedeKTiB 3a pesdyabTaTaMi IIPOBEAEHOT0 KAIiJIapHO-
r0 KOHTPOJIIO 3 Hel eJIeKTPOepPOo3iiiHOI0 PidKoI0 BUpisaancsa 3pasKu IJIisd
MeXaHIuYHMX BUIIPOOYBAHDb Ha MOB3IOBXKHIil CTATUYHUHN PO3TAr, CTATUY-
He @I yaapue 3aruHaHuA (puc. 2). KpeciaeHHs MiHiATIOPHOTO IJIaCKOTrO
IPOIIOPIIifiHOT0 3paska [Jisd BUOPOOYBaHb Ha IIOB3AOBKHil cTaTUUHUII
pos3TAr HaBeIeHO Ha pPUC. 3; OOI'PYHTYBAHHSA ioro (popMu Ta Po3Mipis 3
TOUKHY 30PY BiAMOBiJHOCTY BUMOTraM YMHHOI HOPMAaTUBHO-TEXHIUHOIL J10-
KyMeHTallii omrcaHo B momepenHiit pobori [28]. Hasa BunmpoObyBaHb HaA
yIapHe 3armHaHHA BUKOpHCTOBYBaBca 3pa3ok KCU (tun XI) za [20].
IloBepxHs eIeKTPOEPO3iMHUX PO3Pi3iB HA 3pasdKax AOJATKOBO ITiaAraja
MeXaHiYHOMY O0OpPOOJIeHHI0O — UHCTOBOMY IILIi(pyBaHHIO TA HOJipyBaH-
HI0. [lo MexaHiuYHUX BUIPOOYBaHb JOMMyCKAaJINCI 3pasKu, IO 3a Pe3yb-
TaTaMu KaOiJIapHOTro KOHTPOJIIO He MaJii Ha CBOIX ITOBEPXHAX NedeKTiB.

BurorosieHi 3pasKky HaATOIIJIEHOI'0 METAJIY BUIIPOOOBYBAIN ¥ CTPYKTY-

5Y a3 25Y Rz\:’,}_

i o A )

30

49,5
e T

Puc. 3. KpecieHHS IIJ1aCKOT0 IPOIOPIifiHOr0 MiHiATIOPHOTro 3pas3Ka AJisd CePBO-
rizpaBaiunoi mamuuau MTS-810.

Fig. 3. Flat proportional miniature sample blueprint for MTS-810 servo-
hydraulic machine.
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pHOMY cTaHi 6esocepeIHBLO MicJId HATOILIeHHA (0e3 TepMiuHOTo 00po6-
JIEHHS; 34 CTAHJaPTU30BAHOI0 aHIJIOMOBHOIO TepMiHoJOriero — as built
[29]).

s BunpoOyBaHb Ha CTATUYHUHA PO3TAT BUKOPUCTOBYBAJIM CEPBOTII-
paBiaiuny sunpobysansuy Mammuay MTS-810, nia BUsHaUYeHHA yaAapHOL
B a3kocTu KCU — xouep K15, nia BunpoOyBaHb Ha CTaTUYHE 3aTMHAH-
HS — yCTaTKyBaHHA Ha OCHOBi I'BUHTOBOI Ilepeadi.

HomaTKOBO OIliHIOBaBCsA CepeIHLOBATOBUM BMicT moMmimniok OKcHUT'eHYy
Ta HiTporeny B HaTOmJIeHOMY MeTaJi KapPOTPUBKUX i :KapPOMIiIITHUX HiK-
JIEBUX CTOIIIB 3a CTAHAAPTU30BAHOI0 METOAUKOIO BiTHOBHOI'O TOILJIEHHS
B IIOTOIIi rasy-Hocia [23, 24]. 3pasKu A rasoBoi aHaJi3u BUpPisaau i3
HEIIOIIKO)KeHNX YaCTHUH BiAIMOBiZHMX 3paskKiB Imicaa IXHiX BUIPOOY-
BaHb Ha cCTaTU4YHe abo0 yaapHe 3arnHauHa. KoyKHa MoBepxHA 3pasKa JJid
rasoBOi aHAJi3M Himasaranza IIomepesIHbOMY OOPOOJEeHHIO abpasuBHUM
incrpymenTom Tuny 914 A ta dpiHinmrHOMY 06p0O0IEHHIO MTLTi()yBAIbHUM
iHCTPYMEHTOM 3 CHHTeTUUYHUX MiAMAaHTIB; HaJaIi 3pasKy IPOMUBAJIHICS
Bi peIlITox abpaswmBHOTO IMHJIY YJAbTPA3BYKOBOI MUHKOIO B PO3UMHI
€THJIOBOT'O COIUPTY mIpoTarom 5—10 xB.

3. PE3YJIbTATHU JOCJHIAKEHD TA IX OBTOBOPEHHS

PesyabraTu omiHKM KOMIIJIEKCY MEeXaHIUHUX XapaKTePUCTUK HATOILIE-
HOT'O MeTaJly KapOTPUBKUX 1 sKapPOMIiIITHMX HiKJEeBUX CTOIIB Yy CTaHi «as
built» npeacrasjaeno B Tabdi. 2.

Amnaiza pe3yiabTaTiB CBifUNTD, IO 38 KOMILJIEKCOM MEeXaHiUHMX Xa-
paxkTepUCTUK, 30KpeMa 3a IMMOKA3HUKOM KPUTUYHOI pyiHiBHOI medop-
marii sa 1000°C (puc. 4), mociigkeHUT HATOILJIEHUN MeTaJl MOMKHA I10-
IinuTy HA 3 TPYNIH, ABi 3 AKMX B OCHOBHOMY 30iraloThCs 3 TPAAUIi HHUM
IOMiJIOM BiAIOBiIHMX HiKJIEBHX CTOIIIB 34 XeMIiUHWM CKJIAJOM, IIIO Xa-
paxTepu3yeThCsa KiIbKiCHMM BMiCTOM OCHOBHUX JIET'YBAJIbHUX €JI€MEH-
riB: Al, Ti, Nb, Ta, W, 3maTHuxX 3a 1IeBHOI iIXHLOI KiJILKOCTH YTBOPIOBA-
T y'-dasy, ToOTO peasii3oByBaTH MeXaHi3M JUCIEPCHOTO 3MIiITHEHHA, Ta
3a IXHIiM IIpuU3HAYEHHAM 3a HOKasHUKOM :xkapomimuoctu [30—-32]. Ho
MepInoi rpynu HaJEeKNUTh HAaTOILIeHUH Mmera Kaporpuskux (Hastelloy
C22, Inconel 625, 311648) Tta gedopmoBanoro (Inconel 718) HikIEeBUX
CTOMiB; m0 Apyroi — »kapominui Hikaesi ctonu (Inconel 7T38LC, JKC6K,
JHC6Y, dKC32).

o TpeThoi Ipynu MOYKHA BifHeCcTH HATOIJIEHUI MeTasl, SKuil 3a OK-
peMuMu MeXaHiuYHUMHI XapaKTepUCTUKAMU BiApisHAeThCA Bil TUIIOBUX
ixmix sHauens y nepriit (YC40) abo apyriii (Inconel 939, Rene 80) rpymi.

Bceranoieno, 1mo ocobGuauBicTioO (opMyBaHHS HATOILJIEHOTO METAJY
CTOIIiB Ha OCHOBI HiKJII0, He3aJeKHO BiJ 00paHOro cIIoco0y AYyTroBOro Ha-
TOILJIEHHSA, €, AK IPaBUJIO, A0 2—3 pas3iB IMOHWKEHHSA B HbOMY BMiCTy
OKcureHy opiBHSHO 3 BUXiHUM IIPUCAAHUM MaTepidgaoM y popmi apo-
Ty a00 IPUCATHOTO IIOPOIIKY. BogHouac sHauHUX 3MiH BMicTy HiTpore-
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HY He 3a(dikcoBaHO.

3asHaveHUil epeKT MOKHA MOSCHUTH AK BimomMuM padiHyBaIbHUM
e(peKToM ILIa3MOBO-IYTOBOTO IEPETOILIeHHA MeTadiB i cromis [33, 34],
TaK i pyHHYBAaHHSAM B IPOIECi TONJEeHHS NPUCATHOTO HOPOIIKY yV 3Ba-

TABJINIIA 2. PesynbTaTyt MeXaHiUHHMX BUOPOOYBAaHL HATOIJIEHOTO METAaJIy
HiKJEeBUX KapOTPUBKHUX i sKapominmuux cromiB 3a 20°C y crani «as built» ma
TO3MO0BKHIll cTAaTUUHNII PO3TAT, CTATUYHE M yAapHe 3arMHAHHS B 3aJI€KHOCTIL
Bix Ccpioj i CcpNy Y IpHUCagHOMY MaTepisi Ta BiAMMOBiJHOMY HATOILIEHOMY Me-
Tai.

TABLE 2. Mechanical test results for heat-resistant and high-temperature
strength nickel-based superalloys-deposited metal at 20°C in structural state
‘as built’, including longitudinal static tensile test, static and impact bend-
ing, depending on the Ccpo) and CcrNy impurities’ average weight content in
filler and respective deposited metal.

ITopomok |Hartonsnenwuit Haronnennii meran

IIpucaguuii Bupo6HukK, a60 mpit MeTau 32 20°C
N Marepisaa/ Opi€eHTOBHUM C C C
% cmoci6 pik CB{O], (& CBIN], & CBO], co0.2,| o8, | &, |KCU,

%, % % Ccriny, B, °
HATOIIJIEHHSA | BUTOTOBJIEHHSA % Bar.|"’

0, 2
Bar. | Bar. | Bar. MITaMITa % IDK/CM

Hastelloy — HermiusLTD, a6 053800515 0,0585 90 369 521 6,8 24,5

C22/MITH China, 2019
Hastelloy Carpenter, USA,
2 oo MITH 2005 0,0427 0,0625 0,0140 0,0633 180 396 625 10,7 59,9
Inconel Castolin Eutectic,
3 425 MIH 2008 0,0298 0,0692 0,0194 0,0660 180 321 673 57,6 171,1
g Imeomel g s Metals, 2010 0,0071 0,0097 0,0001 0,0009 180 401 709 60,8 134,7
625/AI[H 1 us e s? ’ 9 9 b 9 9
Inconel YxpH/Icnencrans,
5 gag/MUH 2016 0,0210 0,0028 0,0126 0,022 180 365,2687,4 57 164,7
6 tnconel gy s Metals, 2010 0,0120 0,0070 0,010 0,0058 180 436 722 35,9 87,9
718/AHH ’ b ’ b b ’ ’
7 YC40/MITH y“pHH;g%?cm“"’o,ozsl 0,02420,0217 0,0212 180 508 930 49,2 108,3
8 omeag/MrH AT “1"[20510301‘”’ 0,0475 0,2120 0,0249 0,2008 180 380 657 26 59,5
g  Inconel Amperit, 2003 0,0149 0,0114 0,0166 0,0085 29 915 1063 3,6 27,6

939/ MITH
10 René 80,/ MITH y“pHﬂ;g%ezum"“” 0,0062 0,0011 0,0053 0,0055 35 950 1061 3,1 27,2

Inconel YxpHIcnencrans,
11 738LC/MITH 1999 0,007 0,0022 0,0042 0,0037 35 950 1096 4,8 34,2

12 JKC6K/MITH y"‘PHﬂé‘Sﬁ?““"’ 0,0069 0,0007 0,0049 0,0040 16,5 1004 1004 0,5 21,4

13 9KC6Y/MITH yKPHH;g%GSHCT””’ 0,0106 0,0007 0,0107 0,0048 27,5938,5 100212,25 15,7

14 3KC32/MITH prHH;ggg“"Ta””’o,0087 0,0017 0,0046 0,0039 13,5 981 1006 0,8 11,2
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ITpodosicenns mabauyi 2.

Continuation of Table 2.

. BupoGHUK, Haronnenunit Haronnenwuit
le’.lcaﬂHHH . OpieHTOBHUIA metai 3a 1000°C | merasa 3a 1100°C
Ne | marepisii/cmocio .
HATOILIEHHA PLE 002, | OB, | o | 002 | OB, | o
BUT'OTOBJI€EHHA MIla | MI1Ia |’ MIIa | MIIa |~
1 Hastelloy C22/MIIH Hermius LTD, China, 2019 109 115 4,4 57 66 6,2
2 Hastelloy C22/MIIH  Carpenter, USA, 2003 128 129 12,4 69 70 5,6
3 Inconel 625/MITH Castolin Eutectic, 2008 132 133 11 88,2 88,8 3,8
4 Inconel 625/A0H Bibus Metals, 2010 98 111 48 60 64 40,8
5 Inconel 625/MITH VxpH[Icnencrans, 2016 104,3 121 43,2 61,5 83,7 37,8
6 Inconel 718/A0H Bibus Metals, 2010 95 102 40 56 58 46,6
7 4C 40/MIIH YrxpHIcnencrans, 2005 929 102 40 62 64 19,1
8 9I1 648/ MIIH AT «Morop Ciu», 2019 87 95 9 49 56 10
9 Inconel 939/MITH AMPERIT, 2003 277.5 282.5 1.95 52 62 21,0

10  Rene 80/ MIIH YxpHOIcnencrans, 2002 420.5 426.3 1.9 214,8 218,2 1,4
11 Inconel 738LC/MITH VYxkpHIIcnemcrans, 1999 369 374 0,65 181 183,5 0,7

12 HC6K,/ MITH YxpHIcnencrans, 2016 - 386.5 0.65 - 256 0,1
13 HC6Y/ MIIH YxpHIcnencrans, 2008 - 362.5 0.15 241,2 243,6 0,41
14 IKC32-IE3/ MIIH  YkpHIIcmencrans, 2008 - 345 0.1 - 240 0,1

pIOBaJbHIN BaHHI IPUCYTHHOT'O HA IIOBEPXHi MOT0 YaCcTHMHOK IIapy 3i
30inbIIIeHOI0 KOHITeHTpalieo gomimox Oxcureny [35] Ta BUBegeHHAM
MOro XeMiuHMX CHOJYK Yy OKCUAHY ILIiBKY Ha IIOBEPXHi HATOILIEHOIO
Basimka [36].

IToxazaHo, IIT0 IPOTECTOBAHUI KOMILJIEKCOM MeXaHIUHMX BUIPOOY-
BaHb HATOIJIEHUI MeTaJ HiKJIeBUX »KapOTPUBKUX i fepopMOBaHUX HiK-
JIEBUX CTOIIB i BifHeceHUH 40 IepIIol rpynu 3a KiMHATHOI TeMIlepaTypu
y craHi 6e3mocepeHbO ITiC/Is HATOILIEHHSA XapaKTepU3yeEThCsI 3HAUEH-
HAMU TPAHUIl MOJIUHHOCTU Goz2=321-436 MIla, rpanuni wmimaOCTHU
op=521-722 MIla, pyiuisuoi nmedopmarii £€=6,8-60,8%, a Tarox
3HAYEHHAMU KPUTHUYHOTO KyTa 3aruHaHHA =90-180° Tta mokasHmKa
yaapuoi B’ asxoctu KCU =24,6—-171,1 IT:x/cm?. 3a 1000°C Takuii meTan
XapaKTepPU3YEThCA BHAUCHHAMU T'PAHUIl IJIUHHOCTH Go2=87—-132
MIIa, rpamumi wminmHoctu oz=95—133 MIla, pyiiaiBHOI medopmairii
£=4,4-48%, 3a 1100°C — 3HaueHHIMHU I'PAHUII IJIUHHOCTHU Go2 = 49—
88,2 MIla, rpauuii minmuaoctu op=56—-88,8 MIla, pyiiniaoi medopma-
mii€=3,8-46,6%.

Amnasiza gocuimxeHol BUOipKM HATOILIEHOTO METAJy HePIol IPyIHu IIo-
Kasye, 1110 BILIMBOBUMY UMHHUKAMU MOHMKEHHA AedopMaltiiiHoi 3gaTHO-
ctu 3a 20° 3a MOKasHMKaMU KPUTUUHOIL JedopMarlii Imig yac mo3moBKHBO-
MY CTATUYHOMY PO3TATY £, MAKCUMAJIBLHOTO KyTa CTATUYHOTO 3arMHAHHSA I
yIapHOi B’SA3KOCTH € BHUCOKMU BMicT B HboMy (auB. Tabiu. 2): Oxcureny
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Puc. 4. IIpukaagy TUIIOBOTO BUTJISAAY AiArpaM BUIIPOOYBaHb HATOILJIEHOTO Me-
Tanay y craHi «as built» Ha DOB3ZOBMKHIN cTATUYHMNI PO3TAT IIPU TEeMIEpPaTypi
1000°C: crony Hastelloy C22 (mepiia rpymna, Tada. 2 mos. 2) (a), crony dKC6K
(mpyra rpyma, Tabu. 2, mos. 12) (6).

Fig. 4. Examples of typical testing diagrams for deposited metal in ‘as built’
structural state during longitudinal static tensile test at 1000°C: Hastelloy
C22 (group 1, Table 2, pos. 2) (a), sKC6K (group 2, Table 2, pos. 12) (6).

Ccp01= 0,052% Bar., i me — Harommenuii meran cromy Hastelloy C22 3
£=6,8%, p=90°, KCU = 24,5 [T)x/cm?; Hirporeny Ccpn=0,21% Bar., i e
— HaromneHuil meran cromy 911648 3 €=26%, p=180°, KCU=59,5
Ik /cv?.

B ymoBax moenmaHHA B HaTomeHomMy Merasi Inconel 625, Inconel
718, UC40 obMmexkeHb cepenuboBarosoro smicty Oxcureny ta HiTpore-
HY Ccgio}, Cepni<0,022% Bar. BeanuuHa KPpUTUYHOL pyiiHiBHOI Hedop-
Mallii 3a BUCOKHUX TeMIepaTyp 30epiraeThcs migBUINEHOIO Ta CTAHOBUTD:
3a 1000°C — €¢=40-48%,3a 1100°C — £=19-46,6% . I3 3pocTanuam B
HaTorreHomy Mertaui Inconel 625 ta Hastelloy C22 Bmicty HiTporeny
10 Cepny=0,063—-0,067% Bar. 3i 36epesxeHHAM 00MekeHOro BMmicTy OK-
cureny Ccpioj=0,014-0,019% Bar. 3ad)ikcoBaHO iCTOTHE MOHMKEHHS
BeJIMUNHN KPUTHUUYHOI pyHHiBHOI medopmarii: 3a 1000°C — e=11-
12,4%, 3a 1100°C — £¢=3,8-5,6% . Hai16i/bIIi MOHMKEHHSA BeJINYNHNA
pyiHiBHOI medopmailiii € mig yuac BunpoOyBaHb Ha IO3MOBIKHiN pO3TAT
1000-1100°C cmocrepiratorses (auB. Taba. 2): 1J1a HATOIJIEHOTO MeTa-
ay 911648 (MIIH) i3 migBuInieHuM cepeaHbLOBAroBUM BMicToM HiTpore-
HY Ccpny=0,201% Bar. 3i 36epeskeHHAM 00Me:KeHOTo BMicTy OKcureny
Ccpi0j=0,025% Bar. — €=9-10% ; gna Haromaenoro metrany Hastelloy
C22 (MIIH) 3i s3pocTaHHAM cepemHBLOBATOBOr0 BMicTy OKCHI'€HY 10 PiB-
He Ccpoj=0,052% Bar. HaBiTH 3a JeAKOr0 MOHMKEHHA BMicTy HiTpore-
HY Ccpny=0,059% Bar. — £=4,4-6,2%; ansa HATOIJEHOTO METATY
Inconel 625 3i 3pocTanHaM cepemHbLOBAroBOro BMicTy OKCHUI'eHY 10 PiB-



140 0. B. APOBUIIVH, M. O. YEPB’{IKOB, I. P. BOJIOCATOB rain.

Ha Ccpoj=0,0194% Bar. 3a Bmicty HiTporeny Cepn=0,066% Bar. —
£€=3,8-11%.

TakuM YMHOM IIOKa3aHO, IIIO AJIA BiJIIOBiAHOrO HATOIIJIEHOT'O METAJTY
JKapOTPUBKUX CTOMIB Ha HiKJeBili ocHoBi o0Me:keHHA Cuwol,
Cee<0,020-0,025% Bar. MOXKYTb 3HAUHUM YHMHOM IIOJIIIIITYBATH IOKA-
3HUKU HOT0 BUCOKOTeMIeparypHoi miaactuuroctu 3a T'=1000-1100°C.

Bcranosiieno, 1o HaTOIJIEHNH MeTaJ HiKJeBUX KapPOMIiIIHUX CTOIIiB
Inconel 738LC, JKC6K, JKC6Y, JKC32, BigHeceHuit 1o Apyroi rpymnu, 3a
KiMHATHOI TeMIIepaTypHu y CTPYKTYPHOMY CTaHi Oe3mocepeqHbO IIicis
HATOILJIEHHSA XapaKTepU3YeThCA BUIMUMU 3HAUYEHHAMU MIiITHOCTH Ta
3HAYHO MEHIIOI0 Je)opMaIliiiHOI 3IaTHICTIO IIOPiBHAHO 3 HATOMIJIEHUM
MeTaJIoM HiKJeBUX JKapOTPUBKUX i nJepopMOBaHUX HiKJIEBUX KapOMi-
IHUX CTomiB. MoOro B3HAaUeHHA TPAHUII IJIMHHOCTH CKJAZAIOTh
Go.2=938-1004 MIla, rpanuii minaoctT — o= 1022-1096 MIla, kpu-
TUYHOI pyiHiBHOI medopmarii — ax mpasBuio, €< 2,5%, a 3HaueHHS
KPUTUYHOTO KyTa 3armHaHHA CKJazaoTh =13,5-33,5°, mokasHuKa
ymapHaoi B’a3kocti — KCU =11,5-34,2 [TI:x/cm?. 3a3HaueHi XxapaKTepu-
CTHUKHU ITOKa3HUKIiB KOPOTKOYACHOI MIiITHOCTH 3a KiMHATHOI TeMmepary-
PHu, OKpiM BeJIMUYMHU KPUTUYHOI pyHHIBHOI Aedopmarrii €, BifmoBigawoTs
onyOJIiKOBaHUM OaHMM Ha JuUTi HikjaeBi Kapowminmui cromu HC6K,
JHC6Y, iHKC32[31, 37], a 3a TOKAa3HUKOM yAAPHOI B’ A3KOCTH — JAaHUM
o HikJeBoMy :xapominuHomy crory JHKCOK [38]. 3a 1000°C maTonnenmit
MeTaJI IIMX HiKJEeBUX KapOMII[HMX CTOMNIB XapaKTepPH3yeEThCsS 3HAUEH-
HAMUJ TpaHuIli MimaocTu op=345-386,5 MIla, pyiiHiBHOI medopmarrii
—£<0,65%; 3a 1100°C — 3mauenHAME I'paHuIli MirgHoCcTH o= 183,5—
256 MIla, pyiinisuoi medopmarii — £€<0,7% . BusnaueHuii qisimason
3HaueHb I'PaHUIll MilHOCTH op HaTomaeHoro merany +HC6K, JKC6VY,
WKC32 3a 1000 i 1100°C y crani «as built» smaxogurscsa Ha pisui 0,5—
0,7 BimHOCHO OmMyOJMiKOBAHMX MaHUX 3 KOPOTKOUACHUX MeXaHiuHMX
BJIACTMBOCTEM BiATOBiTHUX JUTUX HiKJIEBUX KapoMimHmx cromis [31,
37] Ta Mae 3HAUHO MEHINY BHCOKOTEeMIIEpaTypHY ILIacTHUYHiCcTh. Bera-
HOBJIEHi IIJISIXOM BHUIIPOOYBAHb HA MO3JOBIKHIN CTATUUYHUIN PO3STAT IS
HATOIIJIEHOT'0 MeTaJIy APYroi rpynu 3HaueHHS KPUTHUYHOI pyHHiBHOIL ge-
dopwmariii € 3a 1000 i 1100°C € 61U3bKUMU [0 IIOIEPEIHBO BU3HAUEHNX
[21, 22] gna auTuX HiKJEBUX KAPOMIITHMX CTOIIB 3a CTAaHIApPTHU30Ba-
HOIO MeTOoAnKOI0 Varestraint test [39].

BigmiTumo, 1Mo s MiKpPOILJIa3MOBOT'O IIOPOIIKOBOIO HATOIIJIEHHS
HiKJgeBux sxapominmuux crouiB Inconel 7T38LC, HC6K, JKC6Y, HKC32
3aCTOCOBYBAJIM BUCOKOAKICHI mpHcamHi IIOPOIIKM BUPOOHUIITBA YKP-
HOlIcmercranb 3 oomesxenuM BMmicToM Okcureny Cepo) < 0,011% Bar. ta
Hitporeny Ccpn< 0,0025% Bar., ski 3a nuMu IOKa3HUKaAMHU 3HAXO-
IATHCS Ha piBHI Bimomux cBiToBUX amasoris [40, 41]. Bignosigwo, B Ta-
KOMY HATOILIEHOMY MeTaJIi IIOPiBHAHO 3 JeAKNMU BUJaMU HATOIJIEHOTO
MeTaJly KapOTPUBKUX CTOIIB APYToi rpynu 0yJa0 TOCATHYTO JOCTATHHO
HUBBbKUI cepeguboBaropuii BMicT Oxkcureny Ccppo;= 0,004-0,006% Bar.
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i Hitporeny Ccpn=0,0037-0,0055% Bar., 1o opieHTOBHO BifmoBizas
ymoBaMm AJIH i3 sacTocyBaHHaM mpucaguoro apoty. IIpore, HaBiTh 3a
TaKoro HU3bKOTo piBHA BMicTy OKcureny ta HiTporeny, 1o 6JusbKuii
0 YMOB BaKYyMHO-IiHIYKIIINTHOI BUTOIKHY *KAPOMIIITHUX HiKJIEBUX CTO-
miB [42], B HaTomrenomy MeTaui cromiB Inconel 7T38LC, dKC6K, dKCO6Y,
JKC32 3a remneparyp vy 1000 i 1100°C € mpucyTHIM MaJIOMJIACTUUHUH
craniz e<0,65-0,7%.

Jo TpeThoi «mepexigHOI» TPyl aBTOpPaMU BifHeCEHO HATOIIJIEHUM
metaJsi croniB YC40, Inconel 939, René 80 uepes HeTUIIOBI 3HAUEHHS II€-
BHUX IOKA3HUKIB IXHIX MeXaHIUYHMX XapaKTepUCTUK. [JIg HATOIIJIEHO-
ro metanxy YC40 — 1e oz=930 MIla 3a 20°C, 1110 € 01U3BLKUM A0 OifAIa-
30HY 3HAUEeHb I'PAHUILl MIiITHOCTU HiKJEBUX KapoMillHUX cTomiB. Ilaa
HaTomaeHoro metaysy Inconel 939 ta René 80 — 1e piBeHb KPUTHUUHOI
pyiiHiBHOI medopmarii €=1,5-2,0% 3a 1000 ta 1100°C, momiTHO BU-
MU TOPiBHAHO 3 HATOIJIEHUM METAJIOM BHUCOKOMKAPOMIIITHUX HiKJIEBUX
sKapominmaux crouiB Tumy Inconel 738LC, JKC6K, JKC6Y, :KC32. Ho-
CTATHBO BMCOKHH [IJI1 HATOILIEHOI'0 MEeTAaJNy HiKJIeBUX KaPOMIiIIHUX
cromiB Inconel 939, René¢ 80 piBenb KpuTuuHOI pyliHiBHOI medopmarrii
£=1,5—-2,0% 3a 1000 ta 1100°C cuiBBigHOCUTLCA 3 MPAKTUUHOIO MOK-
JUBicTIO BUKOHAHHA Oe3nedekTHUX 3D-HaTOIJIeHb IeBHUX 06’eMiB Ma-
Tepisany, 10 HiATBEPIKYETHCI AK BJIACHUMHU MOCJIiTHO-IPAKTUUYHUMU
poboramu (puc. 5), Tak i onybaikoBanumu gauumu [43, 44]. Takum uu-
HOM, IIOKa3aHO, IO IIPOTEeCTOBAHUI MeXaHIYHMMN BUMIPOOYBAHHSIMU
HaToILIeHu MeTaJt :xaporpuBKuXx (Inconel 625, Hastelloy C22, 911648,

0

Puc. 5. Ilpukaan mocaigHO-TPAKTUYHOTO ONpoOyBaHHA 3D-HATOIJIEHHA 3aro-
TOBOK PEMOHTHUX BCTaBOK 3i cTromiB René¢ 80 Tta Inconel 939 06’emom = 20 cm3:
B mportieci 6araromapoBoro MITH (a), okpeMi peMOHTHi BCTaBKH ITic/Is MeXaHi-
YHOTO 00pobseHHA MLIihyBaHHAM (6), OKpeMi PeMOHTHI BCTaBKM IIiCJasa Kami-
JISAPHOTO KOHTPOJIIO, 30KpeMa MicJsa HaCTYIIHUX TeXHOJIOTiUHNX HAarpiBis (8).

Fig.5. Example of experimental and practical testing of 3D-deposition on
workpieces of René 80 and Inconel 939 repair inserts with =20 cm?® volume:
during multilayer microplasma powder deposition (a), separate repair inserts
after polishing (6), separate repair inserts after capillary control, particular-
ly, after subsequent heat treatments (8).
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YC40) i medopmoBanux (Inconel 718) HiKJIEeBUX CTOImIB y cTaHi «as
built» 3a ymoBu oOoMmexxenHs BmicTy momimmoxk Oxcureny ta HiTporemy
Ma€ BHUCOKI ITOKa3HUKU AedopMalliiiHol 3JaTHOCTH, 30KpeMa 3a TeMIIe-
paryp y 10001 1100°C. BigmoBimHo, Taki MaTepisaau 3a afUTUBHUX TeX-
HOJIOTill MalOTh 3HAUHUI MOTEHIIIMHUN «pe3epB 0e3meKu» om0 3a06e3-
MeYeHHA TeXHOJIOTiuHOI MiITHOCTH BUPOOY, IO MTa€ MOMKJIUBICTD ITigBU-
IIeHHA TeIJIOBKJIAJeHb i I[YIKOCTY HaTOoILJIeHOoTro Bupooy. Tob6To migBu-
IeHa IIJaCTUYHICTh HiKJeBUX KapOTPUBKUX CTOIIB MOKe KOHBEPTYBa-
THUCA V TIeBHe 3MEHIIIeHHS BUMOT AKOCTHU 3a BMicToM OKcureny Ta Hit-
pOT'eHy IJis BiAMOBiAHMX MOPOIIKOBUX IPUCATHUX MaTepisiaiB abo 36i-
JIBIIIeHHS KOHCTPYKIIHHNX PO3MipiB aAUTHUBHOTO BUPOOY Ta TOBIIIUHU
TOT'0 CTiHOK, BUTOTOBJIEHHS JEeTAJIIB i3 BaMKHEHNM KOHTYPOM Ta iH. Tum
caMuM MOKe JOCATATUCA MOJAaTKOBUM TeXHIUHWN pesyJbTaT abo eKo-
HOMiuHMH e()eKT, HATPUKJIIAL OITUCAHUH ¥ poboTi [6].

3 orJsaAy Ha MPUCYTHINM MAJOIJIACTUYHUM CTal y cTaHi «as builts, me-
pesBaxxkHo 3 £<0,65-0,7% , BCTAHOBJIEHUI HA IIPOTECTOBAHOMY MeXaHiu-
HUMHJ BUIPOOYBAHHAMM HATOILJIEHOMY METAJ i HiKJEeBHX KaPOMIiITHUX
cromiB Inconel 738LC, FHKC6K, JHKC6VY, ;JKC32, rakuii «pesepB 6e3meKm»
11010 3a0e3MMeUueHHA TeXHOJJIOIYHOI MIiITHOCTH afUTUBHOIO BUPOOY, Ha Bi-
OIMiHY BiJl HATOIIJIEHOI'O METaJy PO3TJISHYTUX JKAapPOTPUBKUX i medopmo-
BaHUX HiKJIEBUX CTOIIiB, € JOCTATHLO He3HAUHUM. TOMY HaBiTL BiJHOCHO
HeBeJIUuKi 30i/JbIITeHHsT TeIJIOBKJIALEHL yV BUPiO, HeoOXigHi s 3abesiie-
YeHHS HOPMAaJILHOTO (h)OPMYBaHHSA HATOILJIEHOI'O METAJIy 3a IIiJBUIIIEHOTO
BmicTy Oxcureny [41, 45], abo 36iybIeHa ITYyIKiCTHL HATOILJIEHOT'O BUPOOY
[19] 1erko IpUBOIATE OO IEePEBUITIEHHA JiIOUMME 3BapIOBAIbHUMU JAedo-
pMmatiamu gepopMaIliiiHOl 3JaTHOCTH TAKOI'0 HATOILJIEHOro MeTany. Bin-
OBiHO, BOAHOYAC Y Hpolieci 6araToIrapoBoro HaTOIJIeHHA (JOPMYIOTHCA
TPiIIUHY MOBTOPHOTO Harpiry [41, 45], Ha JyMKYy aBTOpiB cTarTi, Iepe-
BasKkHO 3a mexanismoM ductility dip cracking [7, 46]. Anamxisa momepe-
HBO oIry0JiKoBaHUX pobiT [17, 28, 41, 45] nae 3mory mpubJIM3HO OIMIHUTHA
HPaKTUUYHO MOMKJINBUHI HA POOOUMX JOMATKAX aBidAiHUX ra3oTypoiHHNX
IBUT'YHIB MaKCUMAaJbHNII 00’ eM 0e3meeKTHNX HATOILICHDb HiKJIeBUX JKa-
pominuux cronis Tuny JXC6 Ta HC32 Ak y nekinbka cm®.

Haronnenuit meTan TpeThoi mepexiHol rpynu — HiKJEeBUX JKAPOMIII-
Hux croiis Inconel 939 Ta René 80 3 orssiny Ha BUINMIT BCTAHOBJIEHUH Pi-
BE€Hb KPUTHUYHOI pyiHiBHOI medopmarii e=3,1-3,6% 3a 20°C tac=1,5—
2,0% 3a 1000 Ta 1100°C mopiBHSAHO 3 HATOIJIEHM MeTaJIOM TUITYy Inconel
738LC, #HKC6, JKC32, oueBuamo, Mae JeI0 BUIUI «pe3epB Oe3meKu»
10710 3a0e3MMeUeHHA TeXHOJIOTIUHOI MiITHOCTH afUTUBHOI'O BUPOOY, AKUHA
3a [43, 44] MOKJIMBO KOHBEPTYBATU Y IIPAKTUYHUN PE3yJIbTAT BUTOTOB-
JIeHHS aAUTUBHOrO BUPOOY BiJHOCHO HEBEJIUKUX PO3MipiB. BucHOBKY aB-
TOpPiB JaHOl POOOTH IIOA0 IIPABOMIPHOCTH BUIiIJIEHHS OKPEMOro KJjacudi-
KallifHOI'o IOMiJIy AJIs HATOIIJIEHOI'0 MeTaJy HiKJEeBUX KapPOMIITHUX CTO-
nis Tunry Inconel 939 Ta René 80 MmosxHa TaKO0XK IiATBEPAUTH HEI[OAABHO
omy0JIiKoBaHOI0 pobotoio [47], me, 3 o4HOro 60Ky, IiATBEPI:KEeHO IPUCYT-
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HicTh y HaTomienomy MeTasi Inconel 939, oxepixaHoro 3a afUTHUBHOIO Te-
XHOJIOTi€I0 CeJIeKTHUBHOI'O JIA3€PHOr0 CTOILJIEHHS, IPOSIBiB CXUILHOCTH J0
YTBOPEHHS TPIlllVH, a 3 iHIITOro, — MiATBEPAKEHO MOKJIUBICTH IXHBOTO
YVHUKHEHHS 38 PaXYHOK IIEBHOI KOPEKITil Or0 XeMiuHOro CKJIaIy.

4. BUCHOBEKH

1. IIporHo3yBaHHA TEXHOJIOTiUHOI MiITHOCTM BHpPOOY 3a HOro BUT'OTOB-
JIEHHS IJIAXOM 3aCTOCYBAHHSA aAUTUBHUX TEXHOJOTiH 3D-HaTOILJIEHHA
3aJIeKUTH BiJl CIiBBiAHOIIIEHE Y CCTEMi B3Ba€MOUMHY B IIpoIieci mepediry
3BapPIOBAJBLHOTO TepMoaedopMAIliiiTHOTO MUKJIY 3 T'OJOBHUX UMHHUKIB:
IYIIKOCTH BUPOOY, PiBHA Ailoumx medopMaiiiii, medopmalliiinoi 3gaTHO-
CTH HATOILJIEHOT'O MeTaJy. B ¢cBOIO Uepry, BogHOpas BaKJINBY POJIb Ha0y-
Ba€ yTOuHeHHA AedopMalliiinoi 3JaTHOCTH 6araToIapoBoro HaToIIJIeHO-
ro MeTaay, OAepP:KaHOro MIISAXOM aIWTHUBHUX TEeXHOJIOTii, dKa MOXKe
OyTu AK 3HAYHO OiJBIIOIO, TAK i 3HAYHO MEHIIIOI0 BiJHOCHO HiKJIEBOTO
CTOITY, OZIEP3KaHOT0 3a TPAAUIIMHUMHU TeXHOJIOTiAMMU.

2.3 mosuIiii mpoTumii BimoMoMy MexaHi3My YTBOPEHHS TPillluH
ductility dip cracking y sBapuux 3’eqHaHHAX HiKJEeBUX CTOIIB 3aIIpoO-
IOHOBAHO i Bepu(iKoBaHO METOAUKY OIiHKY IPUIATHOCTHU IPUCATHOTO
MaTepifsy HiKJEeBOro CTONY AJA 3aCTOCYBAaHHS y TeXHOJIOTisax 3D-
HaToILIeHHSA. BoHa moJsArae y miATOTOBIII 0araTomiapoBUM HATOILIEH-
HAM 3BapHOI 3ar'OTOBKM «BepTHUKaJbHA CTiHKa», 11 KaIlliJIADHOMY KOHT-
poi micasa MexaHiuHOro 00po0JeHHsS OOKOBUX MOBEPXOHL HATOILIEHUX
BaJIMKiB i mpoBemeHHl y CTPYKTypHOMY cTaHi «as built» omimounmnx me-
XaHiYHUX BUIPOOYBaHb Ha MO3AOBKHIiM cTaTumuHMi postar (20, 1000,
1100°C), craruuHe Ta yaapue saruaagad (20°C).

3. BcranoBieHo, 1o BigomMa Xopollla 3JAaTHICTHL HATOIIJIEHOTO METaJIy
KapOTPUBKUX i 1e()OPMOBAHUX HiKJEBUX CTOIIIB JO 3aCTOCYBaHHSA y Te-
XHOJIOTiAX 3D-HATONJIEeHHA CIiBBiIHOCUTHCA 3 I0T'0 BUCOKOIO JedopMa-
mifHOIO 3maTHicTioO. BoHA XapaKTepu3yeThCAa HACTYIIHUMU IIOKa3HUKA-
MHU: BEJIMUMHOK KPUTUYHOIL pyiiHiBHOI medopmarrii € =19-61% , KyTom
craTuyHOro 3armHauHsa [3=180° O0e3 yTBOpeHHA TPIiIllMH Ta yZapHOI
B’asxoctu KCU =88,0—171 [I;x/cMm?, 110 CIIOCTEPIiraroThCs 3a o0MesKe-
HOro cepegHboBarosoro smicty Oxcureny ra Hirporeny no 0,025% sBar.

4. HeraTuBHUU BILJIUB MOAAJBIIOro 30iabiieHHsa BMicTy OKcureny (ie-
peBasxkHO) Ta HiTporeny B TakoMy HaATOIIJIEHOMY METAJi IIOJATAE Y IIO-
HIKEHHI gedopMarriifuoi 3JaTHOCTH HATOILJIEHOTO MeTaldy: KPpUTHUYHA
py#HiBHA nedopmartiia € 3a 10001 1100°C — y 3—-10 pasiB, MmakcuMab-
HUU KyT cTaTuuHoro sarmHanud 3a 20°C — y 2 pasu, ymapHa B’ s3KicTb
3a 20°C — KCU <60 O:x/cm?. Tomy 3amisa BUOOPY IPUCATHUX ITOPOIII-
KiB I aIUTHUBHUX TEXHOJOTill PeKOMEHIOBAaHO He IEePeBUIIyBATH B
HUX cepeaHboBarosuii Bmict gomimox Oxcureny momazn 0,03-0,05%
Bar., Hirporeny — mouazn 0,07% Bar.

5. IToxkasamo, 110 Bigomi mpobJuemu i3 3a6e3meueHHAM TeXHOJOTiUHOI
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MiIlHOCTH 0AraToIrapoBOr0 HATOILIEHOTO MeTaJly HiKJIeBUX BUCOKOKAa-
pOMIiITHUX CTOMiB i3 BMicToM 3MirHOBaILHOI V' -(hasu 6inbiie 45—50%
00. y TexHOJOTiAX 3D-HATOMJIEHHS, 30KpeMa YTBOPEeHHA TPIilllUH 3a Me-
xauismom ductility dip cracking, cuiBBigHOCATBCS 3 HOT0 MAJIOIIJIACTH-
YHUM CTaHOM 0Oe3IlocepelHbO Iicia maTomaenusa. Oome:xena medopma-
miiHa sgarHicTs HaTomaeHoro metrany Inconel 738LC, JKC6K, JKC6VY,
K C32 3b6epiraerbcsa HABITH 3a HJOCTATHBO HU3BKOI'O CEPEeIHBLOBATOBOIO
Bmicty Oxcureny Tta Hitporemy Ccpo;=0,004-0,006% Bar. i
Ccpn=0,0037-0,0055% Bar. BoHa xapaKTepu3yeThCsa 3HAYECHHIMU
KpuTtuuroi pyihiuiBuoi gedgopmarrii 3a 20°C £<4,8%, 3a 1000 i 1100°C
— £<0,7%, KyTa CTATUYHOIO 3arvHAHHA [0 YTBOPEHHS TPiI[MHMA
B=13,5-27,5° i norkasHuka yzapHoi B’A3Koctu KCU=11,2-34,2
ITx /e,

6. Haronsnenuit meras Inconel 939, René 80 BimHeceno no mepeximgHoil
rpynu MisK HiKJEBUMM BHCOKOYKAPOMIIHMME CTOIIAMM Ta JKAapPOTPHUB-
KuMHU i 1e(pOpMOBAHUMU CTOIIAMU. HMoro medopmMaliiiina 3gaTHICTL 3a
o0MesKeHoro cepesaboBarosoro smicty Oxcureny go 0,012% sar. i Hir-
poreny mo 0,0085% Bar. 6e3mocepeHbO HiCasa HATOILJIIEHH XapaKTepu-
3yE€ThCA: 3HAUEHHAMHN KPUTHUUYHOI pyiHiBHOI medopmarrii 3a 20°C —
£€=3,1-3,6%,3a1000i 1100°C — £=1,4-1,95% , KyTa cTaTUYHOIO 3a-
TUHAHHA O YTBOPEeHHA Tpimuau — [ =29-35° i mokasHuMKa ymapHOI
B’askoctu — KCU =27,2—-35 II;x/cm?. IligBullieHa BeIMUYMHA KPUTHY-
HOi pyiiHiBHOI gedopmarrii 3a 1000 i 1100°C mopiBHAHO 3 HATOILIEHUM
metasiom Tuny Inconel 7T38LC, JKC6K, JKC6Y, JKC32 cuiBBigHOCUTHECA
3 eKCIIePUMEHTAJIbHO IIiATBEPAKEeHOI0 MOMKJIMBICTIO BUPOIITyBaHHA Oa-
raToIIapOBUM MiKPOILJIa3MOBUM IIOPOIITKOBUM HATOILIEeHHAM Oe3medex-
THUX aJUTUBHUX BUPOOiB 3 06’€MOM HATOILIEHOro MeTany v = 20 cm3.
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BB MacTUIIBHO-0XOIOTHUX PITMH HA MEeXaHi3M caMOoOpraHisaiii
Ta (hi3NKo-MeXaHIUHi BJIACTUBOCTI 3HOCOCTIMKHUX HATPiOHO3EPHUCTHX
i HAHOCTPYKTYPOBAHUX MOBEPXHEBUX IIAPIB TEPTI XPOMUCTUX KPHIIH

B. B. TuxounoBuu

Inemumym memano@izuru im. I'. B. Kypdiomoea HAH Ykpainu,
o6yave. Axademixa Bepradcvrozo, 36,
03142 Kuis, Yrkpaina

HocaimxeHo BIJINB MacTUJIbHO-oxoJogqHuX pigua (MOP) Ha mexanism camoo-
pramisarii Ha IMOBEPXHAX TEePTA B3HOCOCTIMKMX HAAAPiOHOSMCHEPCHUX IIOK-
puTTiB, 3aBAAKU AKUM KOHTaKTHA mapa kpuilg 130X17-xpuma 20X13 mepe-
XOAUTD Y CTAI[iOHAPHUM pesKuM poOOTH 3 MiHIMAJIbHUMU 3HOCOM i KoediIieH-
Tom TeptTda. IlokazaHo, 10 caMoOpPraHidoBaHi 3HOCOCTiMKi MMOKPUTTA CKJIama-
IOThCA 3 IIAPiB TePTHA, KOYKEH 3 AKUX € Pe3yJbTaTOM OKPEMOTO aKTy Hallapy-
BaHHA Ha poboui moBepxHi Tia MiKpoo6’eMiB MeTany aaresiiiHo B3aeMOIiMHMX
MiKpoBUCTYyIiB. BBefeHHA y Boay KoHmeHTpaTiB MOP 3minioe xemiunwuii
CKJIAJ i eHepriio MoBepXOHb TEPT, II0 MIPUBOAUTE A0 HAIIapyBaHHA HA poboui
HOBepPXHi OiJbII BeImKuUxX 00’eMiB mMerany. SIK HacaimoOK, cepeqHsA TOBIHMHA
miapiB TepTd 30iabITyeTHCA Y 7, 61 3 pasu i3 sacrocyBamaam MOP «Cinran-2»,
«AxBoa-15I1» i «Ecrepansb» BigmoBigHo. TaKoK CKOPOUYETHCSA Yac IPUPOOKHU
napu tepra y 1,8, 1,71 1,4 pasu BignmoBiguo. [lokasaHo, 1110 BBEIeHHA Y BOAY
Kounearpary MOP «Ecrepasb» He MOXKe iCTOTHO 3MEHITUTH aJATe3iliHy B3ae-
MOJil0 MiK TijmamMu, 1110 TPYThCA. B IIbOMYy BUIIaKy IIOBEPXHi TEPTA €KPaHY-
IOTBCS JUIE aAcopPOOBAHNMU MOJIEKYJIAMY BYTJIEBOAHIB i TOHKMMHY ILTiBKAMU
okcugaiB. Tomy 3acrocyBanHs KoHIleHTpaTy MOP «Ectrepanb» He ycyBae mif
yac pobOTHU IIapu TepTs IepeBaskHUM Macomneperoc Kpuii 130X 17 ma moBepx-
uio kpuini 20X13. CamoopraHizoBaHi 3HOCOCTifIKi HOKPUTTSA 000X KPUIH YTBO-
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pIooThCA mepeBaskHo 3 MaTepiany kpuii 130X17. Yepes 11e il BaroBuit 3HOC ¥
1,5 pasu nepeBuinye Baropuii 3Hoc Kpuili 20X 13, 110 TOHMIKYE pecypc poboTu
By3sJa TepTd. BBemenns y Bony KoumeHnTpatiB MOP «AxkBois-15I1» i «Cimra-
2» 3 IPOTU3AUPHUMU 1 aHTU3HOCHUMH IIPHCAaSKaMU XeMiuHO Mogu@ikye 1mo-
BepxXHi TepTsd. B mboMy BUNIAAKY HaA AiISTHKAX KOHTAKTY TiJI, 1[0 TPYTHCS, HO-
JaTKOBO (DOPMYIOTHCS IMIaPX XEeMiUHUX CHOJYK IPOAYKTIB PO3KJIaJaHHA IPU-
CaJioK 3 METAJIOM IMOBEPXOHb. Ile MOHMIKY€E aAre3ifiHy B3a€MOIil0 KOHTAKTYBA-
JHbHUX MiKPOBUCTYIIiB, BMEHIIIYE aMILIITyly IIUKJIYHNX HaBaHTa’KeHb Ha ca-
MOOPTaHi30BaHiI 3HOCOCTIMKi IMIOKPUTTA Ta IIEPEIIKOIKAE MaCOIIePeHOCy MeTa-
Jy MiK Tijmamwu, 110 TpyThedA. 3aBaaxku nbomy MOP «AxkBoa-15I1» i «Cimra-
2» migBUITYIOTH BHOCOCTiHMKicTh mapu TepTd B 4 i 5 pasiB Bignmosizuo. Takox
Koe(imieHT TepTa 3MeHITyeThcA Ipuban3HO B 2 pasu. BogHouac popmMyBaHHA
CcaMOOPTaHi30BAHUX 3HOCOCTIMKMX MOKPUTTIB IMepeBaKHO Bif0yBaeThCca 3 Ma-
TepiANy Tiza AKOMY BOHU HaJIEXKaTh, 10 POOUTH 3HOC CKJIAOBUX BY3Ja TepPTA
6iJIbINI PiBHOMIipHHM.

Karouosi c1oBa: TepTd KOB3aHHS, 3HOCOCTiMKiCTh, MACTUJIbHO-OXOJIOAHI pi-
IUHN, HAHOCTPYKTYPOBAHUM MaTepisj, yJbTpagucIepCHa CTPYKTypa, ILIac-
TUYHA qedopMallis, IOBepPXHeBi ITapu TepTs, MAcoIlepeHOoC.

The cutting-fluids’ influence on the mechanism of self-organization on the
friction surfaces of wear-resistant superfine-dispersed coatings is studied.
These coatings cause the transition of the friction pair steel 130X17—steel
20X13 to a stationary mode of operation with minimal wear and friction co-
efficient. As shown, the self-organizing wear-resistant coatings consist of
friction layers, each of which is the result of a separate act of metal micro-
volumes layering on the working surfaces due to the adhesive interaction of
microroughnesses. The introduction of cutting-fluid concentrates into water
changes the chemical composition and energy of the friction surfaces; this
leads to layering of larger metal volumes on the working surfaces. As a re-
sult, the average thickness of the friction layers increases by 7, 6 and 3 times,
when using the ‘Cinran-2’, ‘Axpoa-15I1" and ‘Ecrepans’ cutting-fluid con-
centrates. The running-in period of the friction pairs is reduced by 1.8, 1.7
and 1.4 times, respectively. As shown, the introduction of ‘Ecrepans’ cut-
ting-fluid concentrate into water cannot significantly reduce the adhesive
interaction between rubbing bodies. In this case, friction surfaces are shield-
ed only by adsorbed hydrocarbon molecules and thin oxide films. Therefore,
the use of cutting-fluid concentrate ‘Ecrepasib’ does not eliminate the pre-
dominant mass transfer of steel 130X 17 to the surface of steel 20X13 during
the operation of the friction pair. Self-organizing wear-resistant coatings of
both steels are formed mainly from the material of steel 130X17. Therefore,
its weight wear is 1.5 times higher than the weight wear of steel 20X13 that
reduces the service life of the friction unit. The introduction of cutting-fluid
concentrates ‘Cimran-2’ and ‘AxBos-15I1" with extreme pressure and anti-
wear additives into water modifies chemically friction surfaces. In this case,
layers of chemical compounds of the decomposition products of the additives
are additionally formed at the contact areas of the rubbing bodies. This re-
duces the adhesive interaction of contacting microprotrusions, reduces the
amplitude of cyclic loads on self-organized wear-resistant coatings, and pre-
vents metal mass transfer between rubbing bodies. Thanks to this, the cut-
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ting fluids ‘AxBos-15II" and ‘CinTan-2’ increase the wear resistance of fric-
tion pairs by 4 and 5 times, respectively. In addition, the friction coefficient
decreases by about 2 times. At the same time, the formation of self-organized
wear-resistant coatings occurs mainly from the material of the body, to
which they belong, that makes the wear of the components of the friction unit
more uniform.

Key words: sliding friction, wear resistance, cutting fluids, nanostructured
material, ultradispersed structure, plastic deformation, surface layers of
friction, mass transfer.

(Ompumano 12 eepecns 2023 p.; ocmamoun. eapianm —2 scoemus 2023 p.)

1. BCTYII

B Gararpox Bumagkax e)eKTUBHICTh 3aCTOCYBAHHS MAIIIUH i TEXHOJIOTI -
YHOTO 00JIaJHAHHA 3HAYHOIO MipOI0 BU3HAUAETHCS XapaKTePUCTUKAMU
OiITUITHUKIB KOB3aHHS, 1110 BXOAATh 0 iXHBOTO CKJIany. BoHU Bu3HA-
YaloTh TEXHIUHI XapaKTepUCTUKY BUPOOiB, KoedillieHT IXHBOI KOpHCHOI
il Ta JOBTOBiUHICTB. ¥ GiJbIIIOCTI BUIIAAKIB A1 BUTOTOBJICHHS IIiQIIIN-
MHUKIiB KOB3aHHA 3aCTOCOBYIOTHCS MAPU TEPTA KPUIA—CTOIIN HA OCHOBI
migi (6pousu abo snartyHi). IIpore BUKOpUCTAaHHA MOAIOHUX IIap TEPTS
00MeKyeThCS BICOKOIO BAPTIiCTIO MiTHIX CTOMIB i IXHBOIO HE3JATHiCTIO
IpaIfloBaTy 3a BUCOKUX HABAHTAMKEHDb B arpecUBHUX cepenoBuIiax. To-
MY [IJI BY3JIiB TEPTA Ba’KKO HABAHTAKEHOTO YCTATKYBAHHS eHEepTeTHY-
HOi, OyAiBesbHOI, HAadTO- i ripHMYOL00YBHOI IpPOMUCIOBOCTEI OYJI0 PO-
3p00JIeHO IMapu TePTA Ha OCHOBI XPOMMUCTUX KPHUIlL. BHCOKOXpOMMCTI
KpHUILi 3apeKoMeHayBaIu cebe sSK 3HOCOCTiMKiI MarTepidnu, IO MAaioTh
KOMILJIeKC MMOTPiOHMX MeXaHiuHMuX i CIeliaJlbHuX BJIacTUBOCTel. Bubip
XeMiuHOTO CKJIaqy KPpUIlb 3yMOBJIEHII YMOBaMu eKcILryararii ix [1-7].
Aune Tpubosoriudi XapakTepUCTUKM IIUX KPUIL BCE 3K TAaKM IIOCTYIIa-
IOThCS CHEIiAJILHIM OpOoH3aM i JaTyHaM. ¥ 3B’ A3KY 3 UM aKTyaJbHU-
MU € HayKOBUH IOIYK i OOTPYHTYBaHHA TEXHIUHUX PillleHb, AKi 3a6e3-
mevyaTh MOJIOMIeHHA aHTU(MPUKIIIHHUX BJIACTUBOCTEH CTOIIIB HA OCHOBI
3aJj1isa i1 Xpomy, II10 3aCTOCOBYIOTHCS B €KCTPEMAIbHIX YMOBaX POOOTH.

IIpaxkTuuHo Oyab-AKAa Misg Ha MaTepisj BY3JIiB TepPTs IepelacThes ue-
IpaBmWJIO, BUSHAUAIOTH MOBEAiHKY ¥ eKCILIyaTallifiHi XxapaKTepuCTUKN
BCHOTO BUpPOOY. MiKp0o006’eMu MeTasy, 110 3BHAXOAATHCS 0iJId MJIAM KOH-
TaKTy IIOBEPXOHb TePTHA, HiAAAI0ThCA iHTEHCUBHUM iMITyJIbCHUM 30BHi-
OIHIM TepMOMeXaHiYHNM BIJMBaM. TOMY CTPYKTYpPHO-(pa30Bi mepeTBo-
PeHHs B 30HI KOHTAKTY TiJ, III0 TPYTLCSA, MOKYTh JOKOPiHHO BigpisHs-
THCSA BiJl TpaAUIifHUX MeXaHi3MiB (pi3sMKO-XeMiuyHUX B3aEMOMIiNl mMeTa-
JIiB B yMOBax, 0JIM3bKUX 0 PiBHOBAKHUX.

Y poborax [7T—9] 6yJsi0 TOKa3aHO, I10 B YMOBaX TePTsI KOB3aHHS Y BOJI-
HO-IOBiTPSAHOMY CEpPEeIOBUIIi IIepexia map TepTa 3 BUCOKOXPOMUCTUX
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KpUIIL V CTAIliOHAPDHUM peXuM Po0OTH 3 MiHiMaJbHUMHU 3HOCOM i Koe-
dimierTom TepTA BigOyBaeThCA 3aBAAKM caMOOpPTraHi3aIlii Ha moBepxXHAX
KOHTAKTy 000X TiJ 3HOCOCTIiHKMX HaIApPiOHOAMCIIEPCHUX HOKPUTTIB,
III0 MAlOTh BUCOKi B MOPiBHAHHI 3 Ae(OopMOBAHUM BUXiJHUM METaJIOM
TBEPAIiCTh i MPYKHICTD i OiJbII CTIHKI 0 30BHIITHIX ITUKIIYHIX TEPMO-
MeXaHiuHMX HaBaHTaXeHb. BOHU CKJaJal0ThCd 3 SIKiCHO HOBOTO HAIM-
piObHO3epHHCTOrO0 MaTepiaAny, AKUA Moxxke MictuTu no 25% aromiB Ox-
cureny ta Kap06ony, 6iJIbIIiCTh 3 AKUX HE YTBOPIOIOTHL XEeMiUHUX CIIOJYK
3 aToMaM¥ BUXiJHUX MeTaJIiB.

ExcmepuMeHnTa IbHI Ta TEOPETHWUYHI AOCHiMKEeHHS (PisHMKO-XeMiuHUX
mporlieciB, 1o BigOyBaioTheA Hig uac medopmallii moBepXHEeBUX IMapiB
TepTdA, CBiAUaTh NPO 3HAUHUIN BIJIUB aKTUBHUX XEMIiUHUX €JIeMEeHTiB
po6Gouoro cepemoBuUIlla HA MexXaHi3sM (popMyBaHHA y 3HOCOCTIHKUX ITOK-
putTiB HaamapiObHOAMCHEPCHOI CTPYKTYpHM 3 VHiKaabHUMHU (Gi3uKo-
MeXaHiYHNMU BJIACTUBOCTSIMU.

Ilig yac TepTs y BOOAHO-TIOBiTPAHOMY CEPEIOBUIINl €IUHUM aKTUBHUM
xXeMiuHuUM eJeMeHTOM pobouoro cepenoBuina € OKcures [8, 9]. Ane, ak-
110 AOJATH yV BOAY KOHIIEHTPATU BOJOPO3UMHHUX OPTaHiUHUX MACTUJIb-
Ho-oxoyomguuX pigmH (MOP), akTHBHUMU XEeMiUHHUMU eJIeMeHTaMHu Po-
6ouoro cepemoBuia, okpiM OKcUTeHy, MOXKYTh TaK0OXK cTaTu atromu Ka-
poony, @ochopy, Cyabpdypy Ta Xmopy. HacuuenHsa moBepxHeBUX IIapiB
TepTs IUMU eJIeMeHTaMU Ta 3MiHa II0OBepPXHEBOi eHeprii merasiB mosep-
xHeBo-akTuBHUMHU peuoBuHamMu (ITAP) MOP MOXyTh iCTOTHO BOIJIUHYTH
Ha ILJIacTHUYHY AedopMalliro Mikpoob’eMiB MeTay, 1[0 HAIIIAPOBYIOTHCS
Ha IOBEPXHi TepTsd, 3 YTBOPEHHAM 3HOCOCTIiMKUX MOKPUTTIB, 3aBAAKU
AKUM BY30JI TePTA IMEePEeXOAUTh Y CTAI[IOHAPHUN PeXUM pobOTH 3 MiHi-
MaJIbHUMHY 3HOCOM i KoedirieHToM TepTs.

Tomy KOMIIJIEKCHE MOCIiI:KeHHs BIJIUBY BOogHUX eMyJbciit MOP Ha
XeMiuHUH i pa30BUl CKJIAIN, MiKPOCTPYKTYPY, €JIeKTPOHHY CTPYKTYPY
Ta XapakTep MiKaToMOBUX 3B’ A3KiB, QisumKo-MexaHiuHi Ta Tpubogoriu-
Hi BJIACTMBOCTI AKiCHO HOBOro HAAAPiOHO3€PHMCTOrO0 MATEPiAIy, IO
dopMyeThCS B ITIOBEPXHEBUX ITapaX TEPTSI XPOMUCTUX KPHUILh, MOKe Ma-
TH BeJINKe 3HAUeHHA AK JJIsI PO3SBUTKY HAIIMX 3HAHD B raynysi pyHgame-
HTaJIbHOI Ta NPUKJIATHOI (PisWMKH, TaK i OIS HAYKOBO-OOT'PYHTOBAHOIO
Bubopy xemiuHux ckjaagoBux MOP, aAKi mMIHpoOKo 3aCTOCOBYIOTHCS ITif
yac eKCcIJyarallii MammH i TexHoaoriuaoro odbaaguanus. Kpim Toro, 1e
YMOMKJIUBUTL PO3poduTy (hismuHi OCHOBU OJep:KaHHS HA IIOBEPXHAX
KOHTaKTy BY3JIiB TepPTs AKiCHO HOBUX 3HOCOCTiMKMX HAHOCTPYKTYPOBAa-
HUX 1 YJIBTPAJUCIIEPCHUX CTOIIB, AKi 3a0e3meuaTh B €KCTPEeMaJIbHUX
yMoBax ekciayaraiii 2—3-KpaTHe MOHMKeHHS BeJIMUNH 3HOCY Ta Koe-
dimiernTa Tepra. Po3B’ a3aHHIO TUX IUTAHL IIPHUCBAYEHO JaHy poOOTY.

2.0B’EKTH TA METOJAHUKH TOCJIIKEHD

O0’exkTOM mocaimKeHHA OyJio 00paHO KOHTAKTHY Iapy TepTd KPUILA
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130X17 (xomoara)—kpuna 20X13 (zuck). Ii Bu6ip 6ys s3ymoBIeHUiI THM,
10 TiJITUITHIKY KOB3aHHsA, 3p00JIeH] 3 X KPUIlhb, J00pe 3apeKOMeHIy-
BaJiz cebe B yMOBaX BeIMKUX HABAHTAKEHb 1 arpeCUBHUX CEPeIOBMHIII.
HotinabHicTs BUOOPY TAKOr0 CKJIAAY KPUILL 0YJI0 00I'PYHTOBAHO B po6oTax
[4, 6, 10]. Meras nnsa mociimKeHb OyB omep:KaHUi y BiAKpUTiit iHAYK-
MifHiA meui micTKicTio B 12 Kr. B AKOCTI HMIMXTHM BUKOPUCTOBYBAJIUCH:
MaJIOBYT.JIelleBa BUCiUKa, eJIeKTPOoAumii 6ii i pepoxpom. B aKocCTi myxe-
JIEYyTBOPIOBAJILHUX 3aCTOCOBYBAJIMCS BAITHO Ta ILJIABUKOBUH Immar. Bin
KOJKHOr'0 TOIJIEHHSA BimbupaJscs mpodu MeTany Ha xeMiuny anainisy. Ki-
JbkicTs Kapbony anasisyBaJjiacsa MeTOLOIO CHAJIOBAHHSA B IIOTOII KHCHIO,
KiJBKICTB JIeT'yBaJIbHUX €JIEMEHTIB — Ha PEHTI €HiBChbKOMY (DJIIOOpECIieH-
THOMY KBaHToMeTpi. Pesysbrary xemiuHOI aHaisyu KpUIlb HaBeIEHO B
Taba. 1. Cyma KoHIeHTparlii inmux gomimox He mepesuiryBajia 0,05%
mac.

HocaimKyBaHi cTomu B JINTOMY CTaHi MalOTh MeTaJeBy MATPHUITIO 3
mepeBakHO ayCTEeHITHOIO CTPYKTYyporo. Bimomo [4], 1110 Taka cTpyKTypa
He 3aBKIH1 € OINTHUMAJBHOIO 3 TOUKHM 30PY 3HOCOCTiMKOCTH Ta MeXaHidu-
HOT'0 00p0o0JIeHHA pisaHHAM. € IIUPOKI MOMKJIMBOCTI IIJIIXOM TEePMiUHO-
o 00Opo0JIeHHA 3MiHUTH CTPYKTYPY MeTaJeBOl MaTPHUILi CTOIIB i, AK Ha-
cIimok, omepskaTu Oaskadi pismKo-mMexaHiuHi BaactuBocti. Tomy omep-
JKaHi Mic/d JUTTA CTONU HigmaBalics JOAAaTKOBOMY T€PMiuHOMY 0Opo-
6amennro. Kpuma 130X17 migmasanacsa TepMiuHoOMy 0OOpOOJIEHHIO, AKe
MOJISATAJIO B HACTYITHOMY: Harpis go remmepatypu y 950°C (Burpumka 2
TOAMHM), OXOJOIKEeHH 10 TeMieparypu y 680°C (BuTpuMKa 2 roguuu),
OXOJIOIKeHH B Ievi, rapT y MacJi Big remmeparypu y 1020°C i macty-
HUH BUCOKOoTeMHOepaTypHuii Bigmyck 3a 600°C smpogoB:x 1 rogunu. Te-
pMmiuHe 00pobmenua Kpuri 20X13 ckiaamaiocs 3: HarpiBy oo TeMIiepa-
Typuy 1020°C (BuTpuMKa 45 XBUJINH), TaApTYBaHHA B MAaCJIi Ta BigITyCKy
3a 520°C Bupomos:x 1 roguHM.

BunpoboByBanus xoHTakTHOI mapu Kpuma 130X17 (kosomxa)—
kpuna 20X13 (auck) Ha TepTd MIPOBOAUIOCA HA CTaHAAPTHIN MaIIWHi
Tepta 2070CMT-1 B ymMoBax TepTA KOB3aHHA 3a HOPMAJLHOTO HaBaH-
raskeHHa y 5-10° H/m? ta mBuaAKoCTH KOB3aHHA y 1 M/C 3a CXeMOIO KO-
Jogka—nauck (puc.1l). BigHoleHHs IJIOIMI KOJOAKM OO IIJOIIL AHCKA
(roedimienT Bzaemuoro nepekpurtsa) — k= 0,08. CepegabokBagpaTIy-
Hi moxmOKM MipAHbL BaroBOro B3HOCY KpPHUIL HE IIepPeBUIIyBaJIK
5-10°T'/m. Cxemy BUIPpOOOBYBaHb KPUIlb HA TEPTA HaBeJeHO Ha puc. 1.

BunpobosyBanusa Ha TepTdA BigOyBaJIKUCh YV BOJHO-IIOBITPAHOMY cepe-
moButli. Tako:x samMicTh Boagu BukopucToByBaiaucsa 10% -BogHi po3uuHu
koHIeHTpaTiB MOP «AkBos-15I1», «Cinran-2», «Ectepanb».

Y konnentpati MOP «AxkBoa-15I1» B sKOCTi IPOTHU3agUPHOI Ta HIPO-
TU3HOCHOI IIPUCAAKN BUKOPUCTOBYETHCS MiTio-0ic-H-OyTiMKcaHTOreHAaT
3a TV 38101815-80 iz smictom Cyaedypy B 40% . KinbpKicTs npucagku
B KoHIleHTpaTi — 10% . Poas eMyIbraTopiB BUKOHYIOTH COJIi KapOOHO-
BUX KHUCJIOT i aIKiICcyIb(POKUCTIOT, a TaK0oK HeiionoreHHi ITAP — okcu-
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TABJUIIA 1. Cepenniit xemiunuii ckaag Kpuilb 130X171 20X13.
TABLE 1. The average chemical composition of steels 130X17 and 20X13.

Kpumga 130X17 Kpuma 20X13

% mac. ar.% % wmac. ar.%

Fe 80,47 75,57 86,30 84,37
Cr 17,23 17,37 12,42 13,04
Si 0,36 0,68 0,50 0,97
Mn 0,51 0,49 0,41 0,41
Ti 0,01 0,02 0,01 0,01
Cu 0,06 0,05 0,09 0,08
P 0,02 0,03 0,02 0,04

S 0,02 0,03 0,02 0,04

C 1,32 5,76 0,23 1,04

eTWJIbOBAaHI YKUPHI cCIUPTU.

Y roumeurpari MOP «CinTan-2» B AKOCTi IIPOTU3aJUPHOI Ta IIPOTHU3-
HOCHOI TPHCAIKN BUKOPUCTOBYeThcA xJjopmapadin XII-470 za TY
601568-76 i3 BmicTom Xyopy v 50% . KinpKicTh mpucagku B KOHI[EHT-
pati — 25% . B AKocCTi eMybraTopiB BUKOPUCTOBYIOTHCA COJIi i edipu
KapOOHOBUX KUCJOT.

Koumnenrpar MOP «EcTepanb» CKIamaeThCcd 3 TPUETAHOJIAMiHOBOT'O
MUIa CyMiIlli HMMKUMX AUKapOoHoBuX KucJjoT (13% wmac.), TpueraHo-

Puc. 1. Cxema BunpoOyBaHHSA MaTepisaaiB HA TepTsa: 1 — KoJaoaKa, 2 — QUCK.

Fig. 1. Scheme of materials’ testing for friction: 1—block, 2—disc.
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JamMizoBux edipiB cyminri HuKUMX guKapooHoBUX KuceaoT (60% mac.) i
ankimomamigie cyminri qukap6oHOBUX HIMKUNX KucaoT (27% mac.), axi
BUTOTOBJIANNCS 3TigHO 3 maTeHTOM Y Kpainu Ne 48166. Ileit KoumeHTpar
He MiCTHUTh XeMiUHO aKTUBHUX IIOJI0 MeTaJy eJIEMEHTiB y BUTJIAIL IIPO-
TU3AUPHUX i AaHTU3HOCHUX OPraHIUHUX IMPUCAJOK 3 AaKTUBHUMMU aToO-
mamu Cynasdypy Ta XJopy, ajge BifpisHAETbHCA JOCTATHLO BUCOKMIMIU
MaCTUJIbHUMU ¥ aHTUKOPO3iNHUMM BJIACTUBOCTAMMU.

Mopdposorisa Ta xemiuHUNA CKJaL IIOBEPXHEBUX IMAPiB TEPTS MOCJIi-
MKYBaJINCS 3a JOIIOMOT'0I0 CKAHYBAJBHOTO €JIEKTPOHHOI'0 MiKpOoCKoIIa
JSM-6490LV xomnauii JEOL Ltd., akuii 6yB mogaTKOBO o0JiagHAHUI
eueproaucnepciitaum cuexrpomerpom (EIC) INCAEnergy 350 Premi-
um 3 KpeMHiHOBUM APei(phOoBUM TEeTEKTOPOM, CHEKTPOMETPOM 3 X BUJILO-
Boio aucuepciero INCAWave 500 i merekTopom aupparitii BigdomuTmx
enexrpouis HKLChannel 5 EBSD sBupo6uumnrsa OXFORD Instruments
Analytical Ltd. (BemukoOpwuranis). [lochig:KeHHS TPOBOIWJIUNCA 3a
npumBuAInyBaabHol Hanpyru y 20 kB Ta crpymy nyuka y 7 HA. Iaa
IOCJTiPKeHHSA CTPYKTYPY IIOBEPXOHB TEPTS PEECTPYBATNCA 300parKeHH T
Y PEKUMi BTOPUHHUX €JIeKTPOHIB. PO3paxyHOK KOHIIEHTPAIlill eJIeMeH-
TiB 3a Oep:KaHUMU CIEKTPAMHU IIPOBOAUBCS METOAOM MATPUUYHUX BU-
mpaBjeHb. BUKopucToByBasacsa HalOiIbII cyyacHa cXxeMa KOpeKIlii ma-
rpuuyHuX edekTiB XPP xommanii OXFORD Instruments Analytical
Ltd., pospob6aena Pouchou i Pichoir. Metox xopexkiiii XPP 6yi0 o6pauo
3aBOAKM XOPOIIIiH TOYHOCTI PO3pPaxyHKiB, 0COOJIMBO AJIS BUIAAKIB CH-
JIBHOT'O MOTJIMHAHHA, TaKWUX AK aHaJi3a JerKuX eJIEMEeHTIiB y BaKKil
marpuiii. Ile yMOMKJIUBHUIIO IIiABUIMUTYA TOYHICTh BUBHAYEHHS KOHI[EHT-
paiii Kapbony i1t OKcuIr'eHy B IOBEPXHEBUX IIapax TePTI KPHUIlh.

JlokanbHUM XeMiuHMH CKJIa] 3HOCOCTI KX ITOBEPXHEBUX ITIapiB TepTdA
IOIATKOBO BUMIipPIOBABCS 3a JOIOMOTOI0 PEHTIEHiBChKOI'0 MiKpO30HIA
MS-46 ¢ipmu «CAMECA» (Ppanmia). KinbkicHa anamiza xemMiumHOTro
CKJIaay poOmacs Ha KOoCHX IILI(hax Mo Kpankax y pexxkumi 3oH1a i3 20 kB,
13 uA. [nasa po3paxyHKy KOHIIEHTpAIliili 3acTocoByBajacs IIporpama
ZOND [11], saxa obuucroBajia IIOMPaBKY Ha IIOTJIMHAHHS, (PJIFOOpecIeH-
mito # aTomoBuii HoMep. CyMapHa MOXMOKA PO3PaXYHKY KOHIIEHTpAaIii
MeTaJIeBUX KOMIIOHEHTIB y I1apax TepTs He nepepuinysaia 0,2% wmac.

Merasorpadgiuni mocaigKeHHsa TPOBOAWJINCS HA ONTUYHOMY MiKpoO-
ckorri Neophot-30. 151 3aXKCTy MOBEPXHEBOrO IIAPY TEPTS BiJ MOMKJIN-
BUX YIIKOJKEeHb MiJl Yac IPUTOTyBaHHA TOPIeBUX ILIi(hiB Ha MOBepXHi
TepTA IOHePeaHbO eJEKTPONITUUHO OCaMKyBaBCs IMap HiKJIO TOBIIHU-
HOIO Osm3bko 300 MmxMm. s IIhOTO 3aCTOCOBYBABCA CyJab(paMiHoBuUit
enekTpoaitr. OcamsKyBaHHSA TpuBajo 6—7 roguH 3a T'YCTHUHU CTPYMY V
5 A/nm? i remnepaTypu enekrpoiaity y 50—60°C.

TpancMmicitiHi eJleKTPOHHO-MiKPOCKOITIYHI AOCIiIMKEeHHA MiKPOCTPYK-
TypH Ta ()a30BOT0 CKJIANY BUXiTHUX METAaJiB i 30H KOHTAKTHOI B3a€MO/Ii1
KpUIhL MPOBOAMINCA Ha eleKTpoHHOMY Mikpockotmi JEM-200CX (JEOL
Ltd.) 3a npumBuamyBansuoi Hanpyru y 200 kB. [[1a mpuroryBauus To-
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HKUX (Qoiii, 1110 YMOMKJINBJIIOIOTEL BUBUATY METAJ 110 BCiH riIuOuHi 30H1
KOHTAKTHOI B3a€EMO/ii KPHUIlb, BUKOPHCTOBYBAJIACS CIEIlisiIbLHO PO3P00-
JIeHa MeTOIUNKAa, JOKJIATHO omrcaHa B pobori [12]. 1a BUKIIOUEHHA 3a-
OpyAHeHHA 00’€KTa BYIJIEIEBOIO ILIiBKOIO, IO € IIPOAYKTOM PO3KJALY
napu au@ysitHOI 0J1ii, 3aCTOCOBYBABCA OXOJIOMKEHUHN PiAKMM a30TOM
eKDpaH.

Amnajiza JOKaJIbHOTO PO3IOAiIY JOMIIIIKOBUX aTOMIB Y HOBEPXHEBUX
miapax TepTsd mpoBogmiaaca MetogoM OKe-eJeKTPOHHOI CIIeKTPOCKOMil,
OCKiJIbKU 3 HI0T0 JOIOMOTOI0 MOKHA BU3HAUNTY BMiCT XeMiUHHUX eJieMe-
HTiB y moBepxHeBOMY IIapi ToBiuHOIO ¥y 1—3 aTromapHux mapu [13].

Hocaimxenna nposoauauca Ha npuiaani LAS-2000 («RIBER»). Haa
BU3HAUEHHS BMIiCTy XeMiUHMX eJeMEHTIiB Ha MeiKaxX 3epeH OesImocepes-
HBO B IpHWJIaJi 34iMCHIOBAJIOCS KPUXKe PYUHYBaHHA 3pa3KiB 3a TeMnepa-
rypuy —-196°CiBakyymyy 1,3-10°8I1a. IloBepxHi pyiiHyBaHHA OyJIH PO-
3TaIlIOBaHi IEePIeHINKYIAPHO HoBepXHAM TepTdA. [ia Oxe-aHaaisu mo-
BEPXOHb 3JIaMy CIIeIlisiIbHO BUOUpAINCA SiMAHKN iHTEPKPUCTAIITHOI'O
PyHHYBaHHS MaTepPidAly, IO BiAIIoBimaoTh MexxaM 3epeH. Hac peecrpa-
mii cumexTpiB Oke-eIeKTPoHIB OyB BUOpaHMWI TaKWM UYWHOM, IO0 BU-
KJIIOUUTH MOXKJINBICTDH BIIMBY Ha HUX aAcOpPOIlii Ha IMOBEPXHIO, IO aHa-
Ji3yeThecs, JOMIIIIOK i3 3aIMIITKOBUX T'a3iB a6o au@ysiiix 3 06’emy Tija.

BuwmipioBanusa TBepmocTtu 3a PokBesioM nmpoBoamincsa Ha IpUJIagi
YT 5011 Bigmosigao mo Hep:xcrargapty 9013-59 (ICO 6508-86); Bumi-
poOBaHHSA MiKpoTBepaocTu — Ha MikporBepaomipi IIMT-3 BizmoBimmo
o Iep:xcraugapry 2999-75. BukopucroByBaBca BikKkepciB mismamTo-
Buii HaKoHeuHUK. HaBaHTayKeHHs Ha iHgeHTop nopisHioBasuo 0,5 H.

Mixpomexamiuui BUIpoOyBaHHA MaTepisay 30H KOHTAKTHOI B3a€MoO-
Iil KpUIlh IPOBOANINCSA METOM0I0 JUHAMIUHOTO MPOHUKHEHHS iHIeHTO-
pa Ha npuaaxni YMII-11. BukopucToByBajgacsa METOAUKA 3 PeECTPAIlieio
JisirpaM NPOHWKHEHHS B KOOPAWMHATaxX HaBaHTaKeHHS Ha iHAeHTOp P—
B3aEMHe 30JIM:KeHHs A iHgeHTOpa Ta 3pasKa, Io oJepiKajia PO3BUTOK Y
poborax [14—16]. Bsaemue 30/IMKeHHS iHAeHTOpPA Ta 3pasKa 3IilicHIOBa-
Jiocd 3 WMOCTifiHOIO mMIBUAKicTIO ¥ 1 M/c. [Iyid MOMKJIUBOCTI MOPiBHAHHA
pospaxoBaHUX 3 JiArpaM 3HaueHb MiKPOTBEPIOCTH 3a BeJIUYHHOIO
JifATOoHAJI 3aJUIITKOBOTO IIJIACTUYHOTO BiATHCKY 3 JaHUMUN BUMIipiB Ha
npuiaani IIMT-3 makcuMaibHe HaBaHTAXKEHHS HA iHIEHTOP B 000X BU-
nagkax ooupasocsa pisaum 0,5 H. 3 BigHOIIIeHHS IO Iig MiJIKaMu po-
3BAHTAKEHHA Ta HaBaHTAKEHHS TiArpaM IPOHUKHEHHS iHIeHTopa BH-
3Havajaca OOJA Po0oTH HmpyKHBLOI medopmarrii A,, y 3araiabHiii podoTi
OPYXHBO-ILJIaCTUYHOI Tedopmariii A MaTepisaay 3a NPOHUKHEHHS iH-
JIleHTOopAa.

3. PE3YJIBTATH TA IX OBTOBOPEHHSHA

Ha pucyHKy 2 HaBeJeHO 3aJIe;KHOCTI KoediljieHTa TepTA KOHTAKTHOIL
napu kpuia 130X17 (komogka)—kpuia 20X 13 (auckK) Bif MLIAXy TepTs
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Puc. 2. Same:xHocTi KoedimieHTa TepTA BiJ ILIAXY TepPTs AJA KOHTAKTHOI ITapu
Kpuna 130X 17—kpuna 20X 13, 110 mpaifioe y cepeoBuiiax: Boga—moBitps (1),
BoxHa emyJabcia KoHIeHTpaTy MOP «EcTepanb»—toBiTpa (2), BogHA eMyJIbCcia
koHIteHTpaTy MOP «AKBOJ-15I1»—moBiTpsa (3), BOgHA eMyJIbCiad KOHIIEHTPATY
MOP «Ciuran-2»—moBiTpa (4); A — eTamn mpuOpamniOBauHsa BysJjga TepTd, B —
eTall CTaIlliOHAPHOTO PEKUMY POOOTH.

Fig. 2. Dependences of the friction coefficient on the friction path for a con-
tact pair steel 130X17—steel 20X13 working in the environment: water—air
(1), water emulsion of cutting-fluid concentrate ‘Ecrepans’—air (2), water
emulsion of cutting-fluid concentrate ‘AxBos-15II’—air (3), water emulsion of
cutting-fluid concentrate ‘Cinran-2’—air (4); A is the stage of breaking-in of
the friction unit, B is the stage of stationary mode of operation.

3a BUKOPUCTAaHHA PiBHUX TEXHOJOTiYHUX cepemoBui. Ilisa Becix Buman-
KiB mpoiiec TepTs YMOBHO MOKHA PO3TiJINTH HA IBA €TalN: TOUATKOBUH
eTal IpUIIpaIloBaHHA By3Ja TepTda (miaaaka A Ha puc. 2) i eTan crairio-
HapHOT'O PeXMUMYy POOOTH KOHTAKTHOI mapu 3 MiHiMaJbHUMMN 3HOCOM i
kKoedimienrom Tepra (ginauka B Ha puc. 2). BugHo, 1110 BBeIeHHSA Y BOIY
KoHmenTparie MOP 3meHIITye uac mpuIpaiioBaHHsS Iap TepTs Ta 3Ha-
yeHHA Koe(illienTa TepTa y cTallioHapHOMY peskuMi poboTu. Bomgumopas
3HAUeHHS KoedillieHTiB TepTa Ha eTali IpunpamioBaHHS KOHTAKTHOL
mapu s pisHUX poboUYMX cepedoBHUII iCTOTHO He BiapisHsaioThedA. Iia
BogHUX emyJibciit MOP cTae e)eKTUBHOIO TiILKH IIiCJIA IIePeX0oay mapu
TepPTA Y CTAIUN PesKuM podboTr. MaKcuMaJIbHO HOHMKYIOTH Koe(ilieHT
Tepta MOP «CiuTan-2» i «AKBo-15I1», 10 cKIany AKUX BXOAATH IIPO-
TU3aJUPHi Ta IPOTU3HOCHI Opra”iuHi npucagku.

Barosuit 3HOC KOxHOTO 3 Tinm mapu Teptsa Kpuisa 130X17-kpuisa
20X13 Ha eTami mpuUOpPAIIOBAHHSI i B CTAJIOMY PEKUMi POOOTH AJIS Pis-
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TABJINIIA 2. Barosuii 3moc KoHTaKTHOI mapu kKpuia 130X17 (kosomka)—
kpuia 20X 13 (guck) Ha eTami IpUIpaIlOBAHHA Ta B CTAJIOMY PEsKUMi TepTs.

TABLE 2. Weight wear of contact pair steel 130X17 (block)—-steel 20X13
(disc) at the stage of breaking-in and in stationary friction mode.

Eran npunpamoBanaa Eran cramionapaoro pe:xumy
mapu TepTs poboTu mapu TepTa
PoGoue Barosuii|Barosuii Cymapuuii Barosuii| Barosuii| CymapHmit
cepejosulle 3HOC 3HOC BaroBui 3HOC 3HOC BaroBui

130X17,| 20X13, 3Hoc, [130X17, 20X13, 3HOC,
r/m-10°%|r/m-10°%| r/Mm-107% |r/Mm-107%|r/M-107% | 1/M-107°

Boxa 60,1 24,8 84,9 8.5 3.9 12,4
MoP 48,7 30,1 78,8 0,9 1,4 2.3
«CinTana-2»
MOP
A E L, 490 289 79 1,3 1,8 3.1
MOP 44,7 21,0 71,7 4,0 2,7 6,7

«Ecrepann»

HUX TEeXHOJIOTIYHUX cepeoBUIN HaBeJeHO B Tabis. 2. BugHo, mo BBe-
IeHHA y Boay KoHIeHTpatieB MOP moumHae iCTOTHO MOHMMKYBATHU 3HOC
TiJI JIUIIIe TicJIa Iepexoay TPUOOCUCTeMH Y CTallioOHAPHUMN PesKuM pobo-
™. Y pasi BUKOpPHCTAHHS YMCTOI BOAMW BaroBmuii 3Hoc Kpuii 130X17
0isbINI HisK ¥ ABa pasu nmepeBuIlye Baropuii sHoc Kpuili 20X13. Ile moxe
3MEHIIIYBATU pPecypc poboTu By3Ja TepTA. BuKopucTaHHA BOTHOI eMy-
abcii xoumeuTpary MOP «Ectepaab» HTiABUIIYe 3HOCOCTiMKiCcTL Tij
MaliJKe y ABa pasu, ajie He YyCyBa€ HePiBHOMipHUI 3HOC KOJIOAKY Ta SVIC-
Ky. Halikpalile BOJIMBAOTh HAa TPUOOJOTiUHI XapaKTepPUCTUKY KOHTAK-
THOI mapu BomHi emynabcii xoumentpariB MOP «CiuTtan-2» i «AKBoII-
15I1» 3 mpoTU3aAUPHUME Ta MPOTU3HOCHUMU OPTaHiYHUMHU HPUCATKA-
Mu. BoHU pobJiAThE BaroBuii 3HOC TiJl MiHiMaabHUM i Malizke piBHOMIp-
HuM. BogHouac mafikparrti nokasuuku mae MOP «CiuTan-2».

JuHaMiKy CTPYKTYPHO-(pa3oBUX IIEPETBOPEHb Y 30HI KOHTAKTHOIL
B3aemoyii mapu tepta Kpunda 130X 17—kpuna 20X13 mix guac pobotu y
BOJHO-IIOBiTPSAHOMY CePEeIOBUIII JOKJIAIHO TOCJiAKeHo B poboTax [8, 9,
17, 18]. Byso BcTaHOBJIEHO, IO MEPEXix mapu TepPTA B CTAIliOHAPHUMA
pexuM poObOTHU 3 MiHiMaIbHUMU 3HOCOM i KoedimienTom TepTd BigoyBa-
€ThCA 3aBAAKK caMOOpPTaHisaIlii Ha MOBEePXHAX KOHTAKTy 000X TiJ 3HO-
COCTiMKMX HaAAPiOHOAMCIEPCHUX IIOKPHUTTIB yV KiJbKOCTi, mocTaTHIii
JLJIsI IIOBHOT'O eKpaHyBaHHA B IpoIieci poooTu nedopMoOBaHOr0 BUXiTHOTO
meTrany. Ili TOKpUTTA YTBOPEHO 3 AKiCHO HOBOT'O YILTPAAUCIIEPCHOTO Ta
HAHOCTPYKTYPOBAHOT'O MaTepiaAny, AKuil Moske mictutu 10 25 ar.% Ox-
cureny ta Kap6ory. CamoopraHizoBaHi 3HOCOCTiMKi TMOKPUTTS CKJana-
IOThCS 3 OKPEMUX ITIapiB i € MpoAYyKTOM 6araTopa3oBOro HalllapyBaHHA Ha
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MOBEPXHi TEPTA MiKPOBUCTYIIIB MeTaNy, AKi YTBOPIOIOTHCA B Pe3yabTari
anresiifiHol B3aeMoAil KOHTAKTyBaJbHUX TiJ ITiJ] Uac IpunpanioBaHHA BY-
3JiB TepTa. CamMoopramisoBaHi 3HOCOCTIHKI MOKPUTTA KOMKHOTO 3 TiJl MO-
JKYTh CKJIaIaTHCA 3 IIapiB TepTd, AKi chopmMoBaHiI 3 mMerany pisHHX
KpHIIh.

MosxkHa IpUIyCcTUTH, 10 IJIA PO3YMiHHA MeXaHidMy BILJIMBY Ha Baro-
BUM 3HOC i KoedillieHT TepTA BBeAeHHs ¥ Boay KoumeHTpaTis MOP cuig
JIOCHiANTU, AK caMe BOHM BIIJIMBAIOTHL Ha IIPOIleC caMoopraHisarii Ha
MOBEePXHAX KOHTAKTY 000X TiJl 3HOCOCTIMKMX HaAIpiOHOAMCIEPCHUX
HOOKPUTTIB. A OCKiJIbKM caMOOpPraHizoBaHi 3HOCOCTiNKi MOKPUTTS CKJIa-
IaIOThCSA 3 OKPEMUX ITapiB TepTd, KOKEH 3 AKUX € Pe3yJbTaTOM OKpe-
MOr'0 aKTy HalllapyBaHHS MeTajJy Ha po0ouy HMOBEpPXHIO TiJI, HacaMmile-
pen, HeobXiTHO IPOBECTH KOMILIEKCHE JIOKAJIbHE JOCJIiAKeHHA BILJIUBY
MOP Ha ¢pisuro-xeMmiuni mpoiiecu, IIfo Big0OyBarOThHCA B MiKpoo0’emMax
MeTaJIy IIiJf Uac HalllapyBaHHA X Ha TOBePXHi TepTH.

Amnaniza cTPpyKTypHO-(ha30BUX MePETBOPEHb ¥ 30HI KOHTAKTHOI B3ae-
MOJii map TepTs mig uac poOOTH B CepPeOBUINAX, Je 3aMiCTh BOJIHU 3aCTO-
COBYVIOTBCS BOOHI eMyJibcii KoHIleHTpaTiB MOP, cBigunTh mpo Te, 1110, K
iy BUmagKy 3acToCyBaHHSA YMCTOI BOAU, IIEPEeXil Imap TepTs B cTallioHa-
pHU# pesKkuM poObOTH 3 MiHiMaJILHUMU 3HOCOM i KoedilieHTOM TepTs Bi-
IOyBaeThCA JIMIIIE ITiCJI caMOoOpTaHisaIlii Ha ToOBepXHAX KOHTAKTy 000X
TiJI BHOCOCTiNKUX MOKPUTTIB y KiJIbLKOCTi, JOCTATHIN AJIA IIOBHOTO €K-
panyBaHHSA B Ipoleci podoTu neopMOBaHOTO BUXiZHOTO MeTaay. BBe-
IeHHA y Boay KoHIileHTpaTiB MOP ckopouye uac, HeOOXiAHUI OIS I[HO-
ro, npubausuo y 2 pasu giasa MOP «Cinran-2» i «AxkBoa-15II» i 8 1,5
pasu gia MOP «Ectepann» (puc. 2).

CTpyKTypa 30H KOHTAaKTHOI B3a€MO/Iil KPUIlh 38 BUKOPUCTAHHS KOH-
meaTpatiB MOP «Ciuran-2», «AkBoa-15I1» i «EcTepanb» Mai:ke ogHa-
koBa. Tomy Ha pucyHKY 3 HaBemeHo (ororpadii TopieBux mnurigis 30H
KOHTAKTHOI B3aeMOii KPHUIlb ITic/id BUOpPoOyBaHb Ha TepPTs B BOJHO-
HOBiTPSAHOMY CEPEIOBHUIII M Y CepeIOBUIII BOAHA eMYJIbCiA KOHIIEHTpa-
Ty MOP «CiuTan-2»—moBiTpsa. CaMmooprani3zoBaHUM 3HOCOCTiHKUM IIOK-
purtam Ha pororpadiax BiamorigaoTs 30HU A. BoHU posraioBaHi Haf
nedopMOBAHUM BUXiTHUM METAJOM KPHUIIh (30HU B), MalOTh 3 HUM UiTKY
ME’Ky Ta BiIpi3HAIOTLCA CTyIeHeM InaBaeHHA. 3oHam C Ha PUCYHKY Bi-
IIOoBigae HegedopMoOBaAHMM BUXiTHUHA MeTaJ, PO3TAIIIOBAHNH y TJINOMHI
rTijg. Cuaig BigsHauuTH IOMiTHE 30iJbIIIeHHSA CepeaHbOl TOBI[UHI CaMOO-
praHisoBaHMX 3HOCOCTIMKMX MOKPHUTTIB i3 BBeAEHHSIM y BOAY KOHIIEHT-
partis MOP.

Binpm geranbHe HOCTimMKeHHS CTPYKTYPU 3HOCOCTIMKMX caMoopra-
Hi30BaHMX MOKPUTTIB (30H A) pobuiaocsa Ha Kocux HuIidax 3paskiB Imifg
KytoM y 30° mo moBepxHi TepTa (puc. 4). Hesane:xHo Bix Bubopy pobo-
YOT'0 CepeloBUINA, ITi MOKPUTT CKIAJAI0ThCSA 3 OKPEeMUX IapiB TepTa 3
YiTKOI0 Me)Kel0 Mi’K HUMM, CTYIIiHb IIIaBJEHHA Ta 3arajbHa KiJbKicTb
AKUX 3MiHIOETHCA Y3I0BIK POOOUO0I MOBEPXHi.
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Puc. 3. CtpyKkTypa 30HM KOHTaKTHOI B3aemonii Kpurb 130X17 (a, 6) i 20X13
(0, 2) micna BumpoOyBaHb Ha TePTA y CepeoBUINAaX: Boga—ToBiTps (a, 6), BogHA
emyabcia koHmeuTpaTy MOP «CinTan-2»—moBiTps (8, 2). TopreBuii murid, A —
3HOCOCTiliKi camMoopraHisdoBaHi MOKpuUTTs, B — medopmMoBaHUil BUXiZHUNA Me-
Taj, C — HemeOPMOBaHUI BUXiTHUI MeTaJI.

Fig. 3. The structure of the contact-interaction zone of steels 130X17 (a, 8)
and 20X13 (6, 2) after friction testing in the environments: water—air (a, 6),
water emulsion of cutting-fluid concentrate ‘CimTan-2’-air (8, 2). Cross-
section, A is wear-resistant self-organizing coatings, B is deformed initial
metal, and Cis undeformed initial metal.

ITica BimmoBigHoro maBaeHHS KOCUX ILTi(iB CKaHyBaJIbHAa €JIEeKTPOH-
Ha MiKPOCKOIIisI a€ 3MOr'y CIIOCTepiraTu 3MeHIIIeHHS PO3MipiB 3epeH 3a
PYXY B3IOBXK OKPEeMHUX ITapiB y HanpAMKY TepTd. Kinmesa vactuna 6ara-
THOX IIAPiB TEPTS CKIAIAEThCA 3 TiISHOK, SIKi He HigIai0ThCs IaBJIEHHIO.

3 pucyHKY 4 BUAHO, III0 T€OMETPUYHI pPO3Mipu mIapiB TepTsd, 3 AKUX
CKJIaIalOThCA 3HOCOCTiHKi caMoopraHisoBaHi MOKPUTTS, iCTOTHO 3aJe-
JKaTh BiJ BMOOpPY poboOUOro cepeoBuUIlia. BBeleHHA V BOAY KOHIIEHTpA-
TiB MOP «AkBos-15I1» i «CinTan-2» 30iabIlIye iXHIO CepeIHIO0 TOBIIUHY
BimmoBimuo v 6 i 7 pasiB, BBemenuda y Boay xoHmentpaty MOP «Ecre-
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Puc. 4. CrpyKTypa 30HU KOHTaKTHOI B3aemosii kpuii 130X17 miciaa Bunpoby-
BaHb HA TEPTA y CepeoBUINAX: BOAA—TIOBIiTpA (a), BOJHA eMyJIbCifd KOHIIeHTpa-
Ty MOP «EcTepans»—1noBiTps (0), BogHa emMyabcisa KoHneHnTpaty MOP « AkBoJI-
15I1» —moBiTpa (8), BogHa emyJbcia KoHIeHTpaTy MOP «CinTan-2»-moBiTpsa
(2). Kocuii miuni mig kyTom y 30°, A — 3HOCOCTiHiKi caMoopraHi3oBaHi TOKPUT-
Ts1, B — nedopmoBaHuUii BUXigHMUI MeTaJI.

Fig. 4. The structure of the contact-interaction zone of steel 130X17 after
friction testing in the environments: water—air (a), water emulsion of
cutting-fluid concentrate ‘Ecrepans’—air (6), water emulsion of cutting-fluid
concentrate ‘AxBos-15IT’—air (8), water emulsion of cutting-fluid concentrate
‘Cimran-2’—air (2). Oblique section at an angle of 30°, A is wear-resistant self-
organizing coatings, B is deformed initial metal.

panb» — y 3 pasu. ToBIiuHA IIapiB TepTA 3MiHIOETHCA B3JJOBXK POO0OUOI
MMOBEPXHi; ToMy ii cepe/iHi 3HaUEHHA BU3HAYAINCA 34 JOIIOMOTOIO OIITH-
YHOI Ta CKaHYBaJIbLHOI MiKPOCKOIIiH Ha I’ ATHOX AIMAHKAX AJIA KOXKHOTO
3 pobOUMX CepemOBHMIII.

OcCKiJbKM caMOOpPTaHi3oBaHi 3HOCOCTiHiKi MOKPUTTA CKJIAJAIOTHCS 3
mapiB Tepra[8, 9, 17, 18], KokeH 3 AKUX € Pe3yJIbTaTOM OKPEMOTO aKTy
HaIlapyBaHHA MeTaJy Ha PoOOUYYy IMOBEPXHIO TiJl, MOKHA IPUIYCTUTH,
110 BBeZIeHHA ¥ BoAy KoHIileHTpaTiB MOP nmiactudixkye meran MikpoBu-
CTYIIiB, AKi B3aeMOilOTh IIiJ uac TepTsa. ToMy Ha IMOBEepPXHi KOHTAKTY
HaIIapoOBYIOTLCA OiJbIIi 00’€MM METaJy, 10 HPUBOAUTE A0 301/IbIIIeHH S
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cepeIHbOl TOBIUHU IIOBEPXHEBUX IIAPiB TePTA Ta CKOPOUEHHS Yacy
dopMyBaHHA iX Y KiJIBKOCTi, TOCTATHIN IJIA IIOBHOTO eKPAHyBAHHS ITiJ
yac poboTu 7e()OpMOBAHOT'O BUXiJHOT'O MeTaJy.

I posyMiHHA MexaHi3My BIIJIMBY BBEJEHHS y BOAY KOHIIEHTPATIB
MOP ma disurko-xeMmiuHi mporecu, 110 BigOyBamOThCA B MiKpoo6’emax
MeTaJIy IIiJi yac HalllapyBaHHA iX Ha po0oUi mMOBEepXHi 3 YTBOPEHHAM III1a-
piB TepTs, AJIA KOXKHOTO 3 POO0UNX CEepPeqOBUII ITPOBOAUINCA KOMILICK-
CHi JIOKaJIbHi AOCJTigyKeHHA XeMiuHOro Ta (pas3soBOro CKJAIiB, MiKpo-
CTPYKTYpPHU Ta PisuKO-MexXaHiYHUX BJIACTUBOCTEI OKPEeMUX IITapiB TePTH.

I mocigsKeHHs MiKPOCTPYKTYPH Ta (Das0BOTO CKJALy MATepisamy
mIapiB TepTA BUKOPUCTOBYBAJIACA TPAHCMiCiiiHA eJIEKTPOHHA MiKPOCKO-
misg. 3a gomomoromo ii B po6ori [8] Oys0 mpoBemeHO AeTalbLHY aHaTIidy
MiKpPOCTPYKTYpH Ta ()asoBOr0 CKJIAAy OKpPeMUX IITapiB TepTa podouoi
napu kpuna 130X17—kpuma 20X13, 110 yTBOPIOIOTHCA Ha TOBEPXHAX
KOHTaKTY TiJI IIiJ Yac po0OTH Y BOAHO-IOBITPAHOMY CepPeIOBHUIITi.

51 060X Tij mapu TepTA XapaKkTep CTPYKTYPHO-(pa30BUX IIEPeTBO-
PeHb MeTaJly B3J0BXK OKPEeMHUX IIIapiB TepTs Mai:Ke OJHAKOBUI, He3a-
JIXKHO Bijg BuOOpy pobouoro cepemosuiria. ToMy Hama i I BUKJIIOUEH-
HS IIOBTOPEHb 30CEPEAMMOCS Ha OIMCi mpolieciB, AKi BigOyBarThCSA B
mapax Tepta kpuii 130X17.

B ycix Bumagkax piBeHb (hparmeHTarii CTpyKTypu OKpeMUX IIIapiB
TepTA He € mocTifinuM. BiH Moske icTOTHO 3MiHIOBATHCS B3IOBK ITOBEP-
XHi TepTd Ta MmiJ Jac mepeMilleHHA MiK cycigHiMu mrapamm. MeHIn
¢dparmMmeHTOBaHi IIapW TePTS IMOBHICTIO CKJIAAAIOTHCA 3 YIbTPaIUCIEepC-
HOI KPHCTaJNiYHOI CTPYKTYPU, YTBOPEHOI IPOCTOPOBO Ae30PieHTOBAHU-
Mu 3epHaMu 3 Kpuctaniunoo OLlK-rparauiiero samisa. Ilig uac Tepra B
BOJHO-IIOBiTPAHOMY CepeZOBUIII PO3Mip 3epeH IIUX IIapiB IJaBHO 3Mi-
HIOETHCSA B HAIPAMKY TepTs Bixg 160 go 20 HM. BBegennsa y Bogy KOHIIEH-
TparieB MOP Tpoxu 30ibllTye MAKCUMAaJbHUNA PO3Mip 3epeH Ha MOUaTKy
miapis, axuii gopisuioe 170 am giaa MOP «Ectepans» i 185 um giaa MOP
«AxBoJ-15I1» i «CinTan-2». 3 pocToOM CTyIIeHs hparMeHTaIlii CTpyKTypu
30i/IBIITYETHCA a3MMyTaJIbHe PO3INeNJeHHa pedJieKciB 3amisa Ha MiKpo-
nudpaxkTorpaMax, Imo CBiIYUTh MPO OiJBIITY IPOCTOPOBY AE30pPic€HTAIliI0
3epeH. Me:Ki 3epeH mIapiB TepTA mepeBaskHO YTBOPEHI MUCIOKAIli HHUMU
aHCcaMOJAMM Ta MAIOTh IPOCTOPOBO IPOTAKHY (popmy. 3i 30iMbIITeHHAM
CTyIleHA (hparMeHTallil CTPYKTYPHU Ta IIPOCTOPOBOI e30pieHTAarril il 3epeH
icToTHO 30iIbITYETHCA 00’€MHA YaCTKA IIPUMEIKOBUX 00JIaCTe.

Binpm ¢pparmenToBaHi mapm TepTA BiIPisHAITHCA Bij IolepemHix
TUM, I10 IXHA KiHIIeBa YaCcTHUHA CKJIAJa€ThCAd 3 HAHOCTPYKTYPOBAHOTO
KpHCTaAI0aMOP(MHOr0 MaTepisaay 3 posMipom 3epeH y 8—2 HM. Kpucra-
JoamMop(HAa HAHOCTPYKTYpPa Ma€ UiTKO OKPECJEeHY MEXKY 3 YJIbTPaJauC-
IepPCHUM MaTepifaaoM.

MiKpocTpyKTypy ¥ eIeKTpOHOTpaMU VJILTPAIUCIEPCHOI Ta HAHOCTPY-
KTypOBaHOI YacTHH ITapiB TepTA podouoi mapm kpura 130X17—xkpuila
20X13, omep:xaHNX B PiSHUX cepelOBUINAX, HaBeAeHOo Ha puc. 5, 6.
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Puc. 5. MikpocTpyKTypa # eJeKTpoHOTpaMu yJbTpamuciepcHoi (a) i HaHO-
CTPYKTypoBaHoi (6) 4acTMH OZHOrO 3 MmIapiB TepTda pob6ouoi mapu KPUILA
130X17—kpuma 20X13. BumpoboByBaHHA Ha TepTsa BigOyBaaucsa y BOIHO-
TOBITPAHOMY CePeqOBUIIII.

Fig. 5. Microstructure and electron diffraction patterns of the ultradispersed
(a) and nanostructured (6) parts of one of the friction layers at the working
pair of steel 130X17-steel 20X13. Friction testings took place in a water—air
environment.

KouTpacT cBiTJIONiILHOrO 300pakeHHI MiKPOCTPYKTYPU MOMKE MaTH
[19, 20] ax gudpaxiiiny IpUPOAY, II0 3AJTEKUTH BiJ po3TalrryBaHHS
KpucTajorpadgiuamux MIJIOINMUH, AKi 3HAXOAAThCA Y BiZOMBAJIBLHOMY IIO-
JIOXKEHHi, TaK 1 ancopOHiiiHy mpupoay, BUKJINKAHY PisHUMU I'yCTUHAMU
cycimHix miasgHOK 3paska. IcToTHa 3MiHa KOHTpAacTy, 1110 (pOpMYETHCSI B
TeMHOMY TOJIi 3a [il pisHUX peduiekciB nuppaKIifHOTO KiJbIlsa, BKa3ye
Ha Te, 1[0 B I[bOMY BUIIAAKY BiH MaB AudpakxIiiiiHuil xapakTep, 3yMOB-
JIEHWH Pi3HOIO0 IPOCTOPOBOIO OPi€HTAIli€I0 3EPEH.

3 PyXOM B3IOBYK OKPEeMUX IIIapiB TepTA PO3Mip 3epeH Ta iXHsA IPOCTO-
poBa e30pieHTAallisa 3MiHIOIOTHCA ILJIABHO; BOJIHOYAC CTYIEHi (hparmMmeHTa-

Puc. 6. MikpocTpyKTypa I elleKTPOHOrpaMu yJabTpaguciepcHol (a) Ta HaHO-
CTPYKTYpOBaHO1 (0) YacTMH OIHOTO 3 INapiB TepTdA pPOOOUOI mapum KPUILT
130X17—xpuna 20X 13. BunpoboByBaHHS Ha TePTs BimOyBaInuCh y cepegoBUIIlL
BogHA eMmyJibcia KoHIeHTpaTy MOP «Cinran-2»—moBiTp4.

Fig. 6. Microstructure and electron-diffraction patterns of the ultradispersed
(a) and nanostructured (6) parts of one of the friction layers at the working
pair of steel 130X17—steel 20X13. Friction testings took place in the envi-
ronment water emulsion of cutting-fluid concentrate ‘Cinrain-2’—air.
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il CTPYKTYPHU CYCiIHIX MTapiB TEPTA MOKYTH iCTOTHO Binmpisuarmecsa. Ile
TaKOK I ITBEPAKYE 3p00JeHe paHiIlle IPUITYITIeHHA IIPO Te, 10 KOYKeH 3
mapiB TepTs, 110 BXOAUTH 10 CKJIATY CAMOOPTaHi30BaHUX 3HOCOCTiMKMX
HOKPUTTIB, (DOPMYETHCA B PE3YJIbTATI OKPEMOrO aKTy HaIlapOBYBAHHSA
MiKpo006’eMy MeTay Ha MOBEPXHIO KOHTAKTY B3aAEMOIiMHMX TiJI.

Ha mixpomudpakrorpamax (puc. 5 i 6) Big mapiB Teprs camooprasi-
30BaHUX 3HOCOCTIHKUX IIOKPUTTIB, KpiM pediekcis, BigznoBiguux OITK-
3aJIi3y, IPUCYTHI TaKoX pediekcu Kapbigis tuny Me,Cs. Ane ixHA Ki-
JBKiCTDH IIOCTYIIOBO 3MEHIIIYETHCA 3 PYXOM B3J0BK KOXKHOTO 3 IIapiB y
HanpaMKy TepTda. Ile cBiguuThs mpo Te, IO iHTeHCUBHA ILJIACTUYHA Je-
dopmailiia MiKpoob’eMiB MeTaJIy 3a HAIllapyBaHH X Ha IIOBePXHI TepTs
OPUBOAUTHL 0 YACTKOBOT'O PO3UMHEHHA Kapbimmoi dasu. IIpo posun-
HeHHs Kap0igHoi a3y B X0l po3BUHEHOI ILTaCTUUHOI nedopmMarrii saJri-
3a I yac IpOKaTKM CBiTuaTh TaKOoK AaHi pooiT[21, 22].

3 PyXoM B3I0BK KOYKHOTO 3 IITapiB TEePTA B HAIIPAMKY HalllapyBaHHSA
MiKpoo0’eMiB Meranay Ha MiKpogudpaxTorpamax, OKpim pedJekcis,
BizmoBimamx OIIK-3amidy i kapbimam tTuny Me;C;, BUHMUKAIOTh TAKOXK
pedaexcu Bif yabTpagucIepCcHUX OKcumiB Tumy Fe;0s. Y mouaTKoBii
YACTUHI MIapiB TepTsA BOHU MPAKTUYHO BifIcyTHI Ta 3’ ABJIAIOTHCS Ha IIi3-
HimIi# crafmii HamapyBaHHA MiKpoo0’ €MiB MeTaJly Ha MOBEPXHi KOHTAK-
Ty. KinbpKicTh peduieKkciB BiJi yabTpagucIepcHUX OKCUAIB TUy FeqOs
iCTOTHO 3MEHIITYEThCS i3 BBeIEHHAM Y BoAy KoHIleHTpaTiB MOP.

VY pasi sactrocyBanusa KoHieHTpaTy MOP « AxBoa-15I1», me B ssxocTi
OPOTHU3ANMPHOI Ta MPOTU3HOCHOI OpTraHiuHOI MpHUcagKU BUKOPHCTOBY-
€TheA OiTio-Oic-H-OyTinmkcamTorenar i3 Bmicrom Cyabdhypy y 40%, ma
OKpeMHUX IiJISHKAaX ITapiB TepTd IPUCYTHI APiOHOAMCIIEPCHI BKJIIOUEH-
Ha cyabdigie @epymy (FeS). Bouu posTaiioBylOThLCS B IPUMEKOBUX
00JIacTAX 3epeH y BUIJIALL OKPEeMUX JIAHI[IOMKKIB a00 BXOIATH 40 CKIALY
eBTekTuKU Fe+FeS. MikpocTpyKTypy oAHiel 3 TaKMX iJISHOK IIApy
TepTsA HaBeJeHO Ha puc. 7.

Y konmneuTrpati MOP «CinTan-2» B AKOCTi IPOTH3aAUPHOI Ta IPOTU3-
HOCHOI OpradiuHoi npucagKkyu BUKOPUCTOBYEThCA Xaoprnapadin XII1-470
i3 BmicTom Xiopy v 50% . OgHak #oro sacToCyBaHHS He IPUBOIUTEL 0
YTBOPEHHS OyIb-AKNX XeMiUHUX CIIONYK XJIOPY B IIIapax TepTH.

XeMiuHUH CKJIA OKPEMUX IIAPiB TePTH, 10 BXOAATH OO0 CKJIaay 3HO-
COCTIiMKMX CaMOOPTaHi30BaHMX HMOKPHUTTIB, i PO3TAIIOBAHUX MiJ HUMN
IedopMOBaHOTO Ta Hee(OopMOBAHOT'O BUXiJHUX METAJIiB JOCIiIKyBaB-
Cs MEeTO/I0I0 JIOKAJIbHOI PEHTT'€HOCTIEKTPaJIbHOI aHaJIi 3 1.

Ha nopunagi IIMT-3 3a gomomoroo BikkepcoBoro aisiMaHTOBOT'O Ha-
KOHEUHIKAa POOMIOoCTd MAapKYBaHHS PisHUX AiIAHOK Kocux ILIidiB 1m1a-
piB TepTa medOopMOBAHOIO Ta BUXiZHOTO MeTaJNiB 000X KpHUIb. I JuIie
micJs IHOTO HA MMO3HAUEHUX MiJAHKAX IPOBOAUINCS JOKAJIbHA PEHTIe-
HOCIIEKTPaJbHA aHaJi3a Ta MiKpoMexaHiuHi BUIIPOOYyBaHHS MaTepisay.
3aBAAKMK IIbOMY XeMiuHNI CKJaf i GisuKo-MexaHiuHI BIACTHUBOCTI Ma-
Tepisaay BUMiproBajaucsa Ha TUX CAMUX TiIAHKAaX.
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Puc. 7. MikpocTpyKTypa yIbTPAAUCIEPCHOI AiASHKY IIIapy TepTA pobouoi ma-
pu kpuig 130X17-kpuma 20X13. BunpoboByBaHHS Ha TepTsa BigOyBaJuCh Y
cepemoBHUIIi BogHA eMyJabcia KoHIeHTpaTy MOP «AkKBoI-15I1»—moBiTpsa: I —
depur, 2 — cyapdinu Pepymy (FeS).

Fig.7. Microstructure of the ultradispersed area of the friction layer at the
working pair of steel 130X17-steel 20X13. Friction testings took place in the
environment: water emulsion of cutting-fluid concentrate ‘AxBos-15I1"-air:
1—ferrite, 2—iron sulphides (FeS).

B Tabaumi 3 maBemeHO pe3yabTATH XeMiUHOI aHAIi3u1 MeTaly, po3Ta-
IIIOBAHOTO 0e3IocepeHbO IIiJ] 3HOCOCTiHKMMM CaMOOPraHi3OBaHUMN
nokpurtamu (3ouu B) i Ha raubini 3paskis (souu C). Iaa kpumi 130X17
aHaJiza XeMiUHOTO0 CKJIaAy MeTajJdy Ha IJInOiHi 3pas3KiB mpoBoamIacs Ha
IiTAHKAaX, pO3TAlIOBAHUX BCEPEAUHI CiTKU 3 IEPBUHHUX €BTEKTUYHUX
KapOizgis.

XemiuHu# ckJan aedOpMOBAaHOTO Ta HeaeGOpPMOBAHOTO BUXiTHUX
MeTaJiB AJIg BCiX poboumnx cepemoBHUIl] O0yB ofHAKOBUM. ToMy B TaOIMITi
3 HaBeJeHO IXHi cepeaHi 3HAUEeHH.

B rabauiax 4 i 5 maBemeHo cepeHill XxeMiuHMI CKJaj I1apiB TepTs,
110 BXOAATH OO CKJAIy 3HOCOCTIiHKHX CaMOOPTaHi30BAHUX MOKPUTTIB
pobouoi mapu Kpuisa 130X17—kpuma 20X13, micasa BunpoOyBaHb Ha
TepTd B pisHUX pobouux cepenoBuinax. MacomepeHeceHHA METAY MixK
TijlaMu, IO TPYThCs, B CTAI[iOHAPHOMY Pe:XKMMi poOOTH Ta Ha eTami
OpuUITpaIloBaHHA ITapy TEPTA MOXKe icTOTHO BinpisHaTucsa. Tomy cepen-
Hill XeMiuHUH CKJIa[ I1apiB TepTH, IO BXOAATH A0 CKJIAAy 3HOCOCTiAKMUX
caMoOpraHizoBaHNX IMIOKPHUTTiIB, MOKe 3MiHIOBATICA B IIPoIleci podoTH.
Buxogsaum 3 mporo, aHaJjiza XeMi4HOT'O CKJIQAY IIapiB TepTs IIPOBOJM-
Jacs JIUIe IMicjid BUIPOOYBaHb KOHTAKTHOI Mapu BIIPOAOBIK 8 TomuH.
Ile ymokIMBUIIO OfePsKATH XEMIUHUH CKJIAaI IIapiB TEPTHA, MePeBaKHO
cOpMOBAHUX Y CTATIOMY PEKUMi POOOTH.
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TABJHNIA 3. Xemiunwnii ckaan (ar.% ) Buxigmoro merany kpuib 130X17 i
20X13 Ha minAHKaxX, po3TAaIlllOBaHUX 0€3I0CepPeaHbO il 3HOCOCTIHKUMU CcaMo-
opraHizoBaHMMU MOKPUTTAMU (30HU B) i Ha riubini 3paskis (3onu C).

TABLE 3. Chemical composition (at.%) of the initial metal of steels 130X17
and 20X13 on the sites located directly under wear-resistant self-organizing
coatings (zone B) and in depth of samples (zone C).

Kpumna 130X17 Kpumna 20X13
3ona B 3ona C 3ona B 3ona C
Fe 76,56 78,07 84,40 84,38
Cr 16,70 15,62 13,01 13,06
Si 0,69 0,66 0,92 0,97
Mn 0,47 0,50 0,44 0,41
Xemiunnii ckaan, ar.% Ti 0,01 0,02 0,01 0,01
Cu 0,05 0,04 0,08 0,07
P 0,03 0,03 0,03 0,04
S 0,02 0,03 0,04 0,04
C 5,47 5,03 1,07 1,02
Co/(Cro+ Cort Csit Con) 0,81 0,82 0,85 0,85
Cr 0,18 0,17 0,13 0,13

Y pasi BunpoOyBaHb Hapu TePTA Y BOSHO-IIOBITPAHOMY CepeIOBHMIIL
XapaKTePHOIO BiAMIiHHICTIO XeMiUYHOI'0 CKJIAAy IIapiB TepTHd € IPUCYT-
HiCTB Yy HUX BeJINKOI KiTbKoCcTH aToMiB OKCUT'eHY. 3 PYXOM B3J0BK OK-
peMux IIapiB TepTs B HAOPAMKY HaIllapyBaHHS MeTaJy KOHIIEHTpaIlisd
Oxcureny B MaTepisii icTtoTHo 30iabmryeThesa. Ha ginguakax miapiB Tep-
TA 3 cepenHiM poaMipom sepen 0mu3bKo 150 uM KoHIleHTparia Okcure-
HY He mepesuilye 3,5 ar.% ; pasoM 3 TUM Ha OiJAHKAxX 3 KpHCTaJoa-
MOP(hHOI HAHOCTPYKTYPOIO KifnbKicTh OKkcureny gocarae 21 ar.% . Xo-
ya B MeXKaX OKPeMUX IapiB TepPTd XeMiuHUHA CKJIaJ MeTalay 3MiHIOETh-
cs, CIIIBBiTHOINIEHHS KiJIbKOCTEH aTOMiB XeMiuHUX eJIeMeHTiB BUXiJHIX
kpuib (Fe, Cr, Si, Mn i C) sanumniaerbca Mai:xe He3MiHHUM:

Ci/(Cre+ Ccr+ Csi + Cyin + Cc) = const,

nIe C; — aToMOBa KOHIIEHTPAILid i-TO XeMiUYHOT0 eJIeMeHTY.

e cBigumTh IpoO Te, 110 IIiJ Yac YTBOPEHHA MIapiB TepTA iHTeHCUBHA
mIacTuYHa gedopMalligd MiKpoo6’eMiB MeTay CYIIPOBOIKYEThCA HACH-
YeHHAM YJIbTPAAUCIIEPCHOI CTPYKTYypu atromaMu OKcurerny 3 poboduoro
cepeoBUINA 3a PAaXYHOK TePMOMeXaHiuHOl JeCTPYKIIil MoJIeKyJ BOAY B
MicIIAX KOHTAKTY MiKPOBHUCTYIiB.

IlTapu TepTsa MOMKYTh BiAPIiBHATHCA CHiBBiOHOIIEHHSIM KiJIBKOCTEN
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TABJINIIA 4. Cepenuiit xemiunuii cKJaas MapiB TepTs, [0 BXOOATH 10 CKJIALy
3HOCOCTiHKMX CaMOOPraHi3oBaHWX MOKPUTTIB pob6ouoi mapu Kpuma 130X17—
Kpuna 20X13 micaa BumpoOyBaHb Ha TepTS B POOOUMX CepeqOBUINAX BOZA—
HOBiTpA Ta BogHA eMyJibcid KouieHTpaTy MOP «EcTepaib» —moBiTp4.

TABLE 4. The average chemical composition of the friction layers included in
the wear-resistant self-organizing coatings of the working pair steel 130X17—
steel 20X13 after friction testings in working environments water—air and
water emulsion of cutting-fluid concentrate ‘Ecrepans’—air.

Bogna emynbcia
Bopa-nioBiTpsa KoHieaTpaty MOP
«EcTepanb»—toBiTpsa

Kpunsa Kpunsa Kpuna Kpuna
130X17 20X13 130X17 20X13
Fe 68,29 70,10 68,37 70,15
Cr 14,51 14,05 13,31 12,81
Si 0,70 0,79 0,72 0,81
Mn 0,42 0,39 0,41 0,37
. Ti 0,01 0,01 0,01 0,01
XeMmiunuii ckaazn, at. %
Cu 0,04 0,05 0,05 0,06
P 0,02 0,03 0,03 0,02
S 0,03 0,02 0,03 0,02
0] 12,17 10,96 7,03 6,58
C 3,81 3,60 10,04 9,17
Fe 0,81 0,82 0,82 0,83
Ci/(CFe + CCr + CSi + CMn)
Cr 0,17 0,16 0,16 0,15

aToMiB xeMiuHUX eqeMeHTiB Buxiguux metaiis (Fe, Cr, Si, Mn i C). ITo-
piBHIOIOUM BequduHU C;/(Cre + Ccr + Csi + Cyn + Cc) 15T KOKHOTO 3 IIapiB
TepTA 3 MOAIOHMMHM BeIMUMHAMHU OJIA BUXiAHMX MeTaliB 000X KPUIb,
MOJKHA OIIiHMTH BHECOK MeTaJy KOXKHOTO 3 TiJ poOouoi mapu B yTBO-
PEeHHs OKpeMUX II1apiB TepTs.

Amnasiza XxeMiuHOro CKJIaAy IIApiB TePTS KOXKHOrO 3 TiJ KOHTAKTHOIL
napu Kpuiig 130X 1 7—xpumag 20X 13 cBiguuts Ipo Te, 10 ¥ BUIIAIKY Tep-
TS Y BOJHO-IIOBITPAHOMY cepeqoBUIIi BHecoK MaTepiany kpuii 130X17 B
dopMyBaHHS IIapiB TEPTs, IIO0 BXOAATH A0 CKJIAIY CaMOOPraHiZOBaHUX
3HOCOCTiMKNX TOKPUTTIB 000X KPUIh, € IepeBasKHUM (TabJ. 31 4).

Beenmennsa y Boay KoHmenTpariB opraniuaux MOP nmpuBoguTts 10 TO-
To, 10 AKTUBHUMU XeMiUHUMH eJleMeHTaMu PoO0OUYOro cepeqoBHUIla, OK-
pim atomiB Okcureny, cramoThb Takoxk aromu Kapbomy, Cyabdypy Ta
Xiopy. 3aBAAKHY IIbOMY B IlIapax TepTA 3MiHIOEThCSA KiJbKiCTh aTOMiB
Kapbony it Oxcureny (tab6i. 4 i 5), a Tako:x 3’ aBiaa0Tbesa atoMmu CyJib-
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TABJINIIA 5. Cepenuiit xemiuuuii cKJaas MapiB TepTs, 0 BXOOATH J0 CKJIALy
3HOCOCTiHKMX CaMOOPraHi3oBaHWX MOKPUTTIB pob6ouoi mapu Kpuma 130X17—
Kpuna 20X13 micaa BumpoOyBaHb Ha TepTS B POOOUMX CepeqOBUINAX BOTHA
emyabcia KoHmeHTpaty MOP «AkBoi-1511» —moBiTp4a i BogHA eMyJIbCiag KOHILe-
"arpaty MOP «Cinran-2»—moBiTps.

TABLE 5. The average chemical composition of the friction layers included in
the wear-resistant self-organizing coatings of the working pair steel 130X17—
steel 20X13 after friction testings in working environments water emulsion
of cutting-fluid concentrate ‘AxBosi-15II’—air and water emulsion of cutting-
fluid concentrate ‘Cimran-2’-air.

Bogna emynbcia Boana emynbcia
KoHIeHTpaty MOP KoHIeHTpaty MOP
«AxkB0oJ-15II»—noBiTpa| «CiHTan-2»—noBiTpa

Kpunsa Kpuna Kpuna Kpuma
130X17 20X13 130X17 20X13
Fe 64,74 72,96 64,93 72,41
Cr 14,45 12,29 13,60 12,30
Si 0,64 0,86 0,61 0,82
Mn 0,41 0,33 0,44 0,36
Ti 0,01 0,01 0,01 0,01
Xemiunnii ckian, at.% Cu 0,03 0,05 0,05 0,06
P 0,02 0,02 0,03 0,02
S 1,19 1,01 0,02 0,02
Cl 0,00 0,00 1,08 0,89
o 6,30 4,27 6,35 4,42
C 12,21 8,20 12,88 8,69
Fe 0,81 0,84 0,82 0,84
Ci/(Cre+ Ccr + Csi + Cun)
0,18 0,14 0,17 0,14

dypy Ta Xiaopy, y pasi Buxopucramua xKoHmeHtpatiB MOP «AxBoJ-
151I» i «CimnTan-2».

KinskicTs aTomi Kapbory it Okcureny B IIapax TepTs 3aJI€KUTh Bil
BubOpy KouteuTpary MOP. Ma0OyTs, Iie OB’ A3aHe 3 TUM, II10 KiJIbKiCTh
AKTUBHHUX XEMiUHMX eJIeMeHTiB pPo00OUOro cepemoBHINA Ta iXHS peak-
mifiHa 3JaTHICTh 3ajie’KaTh BiJ BUAY Ta KOHIIEHTPAIlil XeMiYHUX CIIO-
JYK, 1110 BXOAATE 10 ckaany MOP, ixuHboi xeMiuHOI, TepMO- Ta MeXaHO-
CTiKOCTH, a TAaKOXK BiJ TOro, B SKOMY BUIJIANI 3HAXOAATHLCSI aKTUBHI
eJIEMEeHTH y MPOAYKTaX PO3KJaly IIMX XeMiuHUX CHOJYK (aKTHUBHI pa-
IVKAJIN YU IIOOAUHOKI aToMu).

Amnaiisa XxeMiuHOTO CKJIay ITOBEPXHEBUX IIAPiB TePTs Ha eTalli IIpu-
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mpaloBaniA poboUuoi mapu CBifUUTE IIPO Te, IO B IILOMY BUIAAKY IJIA
O0yaL-AKOT0 cepenoBUIa BHecoK MeTaay Kpuili 130X17 y opmyBaHHSA
CaMOOPTaHi30BAHUX 3HOCOCTIHKUX HMOKPUTTIB 000X KPHUIIhL € IIepeBaK-
HuM. I1a TeHaeHIIiA 3MiHIOETHC ITiCJIA Iepex oAy Hapy TEPTSA 40 CTAJIOTO
pe:xumy pobotu. I3 sactocyBanHAM KoHIeHTpatry MOP «Ecrepanb»
BHecoK Merasy Kpuri 20X13 y (hopMyBaHHA MI1apiB TepTA HA TOBEPXHI
000X KpHUIlb 30iJBINIYyEThCS, X0Uua, IK i paHillle, IMOCTYIAeTbCA KPHUILL
130X17. Bukopucraunusa koHmeuTpatiB MOP «AxkBos-15I1» i «Cinran-
2» iCTOTHO MOHMIKYE MacoIepeHoC MeTaJy MiK TijlamMu, II0 TPYThCS.
Tomy camoopramizoBaHi 3HOCOCTiHiKi IMOKPUTTSA 060X KPHUIIL B I[LOMY
BUIIAIKY IePeBaXHO (pOPMYIOTHCA 3 MeTaNly Tiel KpwuIli, Ha MOBepXHi
AKOi 3HaxomaThesd. IIpo 1me cBiguaTh fadi ocTaHHIX pAAKiB Taba. 3—5.

3a momomoroo mMeroza Orke-eJIeKTPOHHOI CIIEKTPOCKOIIil mMpoBoaMIa-
cd aHaJi3a XeMiYHOro CKJIaAy MeX 3ePeH IIOBePXHEeBUX ITapiB TepTd Ta
BUXigHOrOo MeTany. Ha moBepXHAX 3J1aMy, PO3TAIIIOBAHUX IIePIEeHIUKY-
JISPHO IIOBEPXHAM TEPTH, CIEeNiAIbHO BUOHUpAINCA JiIAHKY iHTepKpHUC-
TaJIITHOTO PYHHYBaAaHHA MaTepPisfaly, 10 BiAIOBiIal0Th MeKaM 3epeH.

Ha pucyuky 8 maBegmeno cuextpu OKe-eJIeKTPOHIB, 3HATI Bif 1mapis
TepTa Ta Buxigumoro metauay kpuili 130X17 nicia BunpooyBaub KOHTaK-
THOI Iapu B PiBHUX cepemoBUINaX. 3 PUCYHKA BUIHO, II0 MEKi 3epeH y
mapiB TepTA Ta BUXIMHOTO MeTaJy KPHUIII MaTh PisHUN xXeMiuyHUH
ckjaan. IHTeHcHWBHA ILTacTHYHA medopmallid Mikpoob’eMmiB merany i3
YTBOPEHHSM IIapiB TePTs NPUBOAUTH A0 iCTOTHOrO 30araueHHA MeXK 3e-
peu aromamu Orxcureny ta KapOoHy. A iXHA KiJbKiCTh 3a€KUTH BifI
BubOpPy pobouoro cepemoBuina. SIKIO 3a TEePTA Yy BOTHO-IIOBITPAHOMY
cepeoBHUII MesKi 3epeH ImepeBakHo 30arauyoThesa aromamu OKcureny,
TO 3aCTOCYBAHHS 3aMiCTh BOJAU BOJHUX €MYJIbCili KOHIIEHTPATiB OpraHi-
yHuX MOP mpuBOAUTE 40 MEePIIIOUYEPTOBOT0 HACHMYEHHS MeXK 3epeH aTo-
mamu KapOony.

Amnaniza popmu mika Oxxe-eneKkTporis Kap6oHY CBifuuTh Ipo Te, 10
IJs1 Oyab-AKOro podouoro cepemosuina aromu Kapoorny Ha Mexax 3epeH
mIapiB TePTA 3HAXOAATHCA MePeBaKHO Y TBEPAOMY PO3UMHi, X0Ua Y BU-
xigHomy Metaii aromu KapOony Ha MeKax 3epeH 3HaXO4AThCS IepeBa-
JKHO B KapOimwHii ¢asi.

OcranHiM dYacoM IIMHPOKE B3acCTOCYBAaHHA B YIOpPaBIiHHI (QisuKo-
XeMiuYHIMHY IIPoIlecaMy B 30HiI KOHTAKTHOI B3a€EMOil TiJ mig yac TepTs
Ta BAJbI[IOBAaHHS 3HaXOAUTH BBefeHHA B MOP xeMiuHO aKTUBHUX III0I0
MeTaJIy eJIeMeHTiB y BUTJISAAL IPOTU3aAUPHUX i aHTU3HOCHUX OpraHid-
HUX OPUCATOK, AKiI MicTaTh y MoJeKyJi akTuBHi aromu @Pocdopy, Cy-
abhypy Ta Xaopy.

Binbmricts pobit [23—26] 06Meskye MexaHidM iXHBOI Ail 10 HACTYITHO-
ro: aacop0OIrii mprcagoK Ha PoOOUMX IIOBEPXHAX, XEeMiUHOTO IIepPeTBO-
peHHs (AK IPAaBUI0, PO3KJIAAY) IPUCATOK 34 HiABUIIIEHUX TeMIIEPaTyp y
MicAX (aKTUUYHOTO KOHTAKTy B3aEMOJIMHUX ITOBEPXOHb i XeMiuHOI
B3a€MOii HAMOiIbII aKTUBHUX IIPOAYKTiB PO3KJIAAY IPUCAIOK 3 MeTa-
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Puc. 8. Cuextpu Oke-eJIeKTPOHIB Bij Me:k 3epeH 1apis Teprd (1—4) i BuxigHo-
ro metasy kpuri 130X17 (5) micasa BunpoOyBaHb Mapu TEPTA Y CepeIOBUINAX:
Boja—TioBiTpa (1), BogHa emyJsbcia roHmeHnTpaty MOP «Cinran-2»—nosiTpa
(2), Bogua emynbcia kKoHieHTpary MOP «AxBOoa-15II»—moBiTpa (3), BOogHA
eMmyJabcia koHIeHTpaTy MOP «EcTepanb»—moBiTpa (4).

Fig. 8. The spectra of Auger electrons from the grain boundaries of the friction
layers (I1—4) and initial metal (5) of steel 130X17 after friction pair testings in
the environments: water—air (1), water emulsion of cutting-fluid concentrate
‘Cimran-2’—air (2), water emulsion of cutting-fluid concentrate ‘Axposa-15IT"—
air (3), water emulsion of cutting-fluid concentrate ‘Ecrepans’—air (4).

JIOM PO0OUYMX ITOBEPXOHb. BOgHOpAa3 BBAXKAETHCHA, IO TEPMOMEXaHiuHA
mecTpykilisg moaexysa IIAP-emynbraTopis y 3oHax TeMIepaTypHUX CIIa-
JIaXiB IPUBOAUTH 10 YTBOPEHHS HJOCTAaTHBO BEJUKUX (pparMeHTiB, sIKi He
MOXKYTh IIPOHUKATH B 00°eM mMerany. OgHaK, AK BUAHO 3 puc. 8 i gaHux
Taba. 4, 5, TOBEePXHEBi IIapyu TEepPTs HACUUYYIOTLCA BEJIUKOIO KiJIbKicTio
aromiB Kap6ony, Cyasdypy Ta XJ0opy, IO BXOAATH A0 CKJIALY BOTHUX
emyabciit koHmerTpaTtiB MOP. Ile cBiguuTh mpo Te, 1110 B yMOBax AaHOI
poboTH TepMOMeXaHiUHA MECTPYKIIA MOJIEKYJ XeMiUHUX CKJIAJOBUX
MOP npuBoAUTE 40 YTBOPEHHS aKTUBHUX MOOAUHOKUX aromiB Kapbony,
Cynsdypy Ta XJI0py, AKi 31aTHI He TiTbKY XeMiUHO B3aEMOJ1ATH 3 IIOBE-
PXHEIo MeTaJly, a i TPOHUKATHU y HOT0 00’ eM.

MikpomexaHiuHi mocaimxkeHHSa (isMKo-MeXaHIUHMX BJIACTHUBOCTE
MaTepidAsy 30H KOHTAKTHOI B3a€EMOMili KPHIIb ITPOBOAUJIHNCSI METOIOM
OIUHAMiYHOTO IPOHNKHEHHA iHAeHTOopA.
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TABJINAIA 6. Cepenni sHaueHHA (hisMKO-MexXaHIYHMX XapaKTEePUCTUK IIapiB
TepTd (30HU A), nedpopmoranoro (3ouu B) i HegedopmoBanoro (3ouu C) Buxis-
HUX MeTaJiB KPHUIb IIicjada BUOpPoOyBaHHA mapu TepTa kpunda 130X 17—xkpuisa
20X13 y cepemoBuUIIli Boga—MOBiTPA.

TABLE 6. Average values of the mechanical characteristics of the friction
layers (zones A), the deformed (zones B) and undeformed (zones C) original
metals of steels after testing of the friction pair steel 130X17—-steel 20X13 in
the medium water—air.

Kpuma 130X17 Kpumnga 20X13
IITap TepTsa (30HA A) IITap TepTsa (3oHa A)
3ona | 3oHa c i~ 3ona | 3oHA c K
C B [Mouarox| P°| ™| C B [Touarox| -°P¢7| ™
IVHA | Hellb IWHA | Hellb

H;,Ta 38,5 5,5 6,5 84 9,3 4,3 5,9 6,9 8,5 9,8
H?,TTla 3,6 5,5 6,6 83 9,56 4,2 6,0 6,8 8,6 9,9
Hy, I'Tla 3,2 4,7 5,5 6,5 7,2 3,7 5,1 5,6 6,9 7,5
H}-H
I'lla
Amp/A 0,08 0,11 0,16 0,24 0,29 0,09 0,12 0,17 0,25 0,30
Am/A 0,92 0,89 0,84 0,76 0,71 0,91 0,88 0,83 0,75 0,70

b 0,4 0,8 1,1 1,8 2,3 0,5 0,9 1,2 1,7 2,4

B Tabaunsax 6—8 HaBegeHO cepenHi 3HaueHHA (Pi3MKO-MeXaHiUHMX
XapaKTepUCTHUK I1apiB Teptda (3oHU A), nedopmoBaHoro (souu B) i He-
nedopmoBanoro (3ouu C) BUXiTHMX MeTaiB 000X KPUIh MiCJIsg BUIIPO-
OyBaHb ITap TePTA B PiBHUX cepeloBUINAX. ¥ pasi 3acToCyBaHHA KOHILE-
arpariB MOP «AkBosa-15I1» i «Cinran-2» ¢disuxko-MexaHiuHi XapakKre-
pucTuKu Maiixke 36irarorbes. ToMy 3 MeTO0 eKOHOMII po3Mipy cTaTTi B
poboTi HaBemewno Jmiie Tadbauio I MOP «Cimtan-2». 30ir sHaueHb
MiKpPOTBEPAOCTH IO BEJWUYUHI MiATOHAJI 3aJIUIITKOBOrO IIJIACTUYHOIO
BigTucky ( H} ), pospaxoBaHuX 3 JiATpaM JUHAMiYHOTO NPOHUKHEHHS
inmeHTOpA, 3 JaHMMU BUMipiB MiKpoTBepgocTu Ha npuiazni IIMT-3 ( H )
OiATBEPAKYE KOPEKTHICTh MiKpOMEXaHIiUHUX BUIIPOOYBaHb METAJITY.

3 manux Tadbauns 6—8 BUIHO, IO IJIACTUYHA AedopMallid BUXigHoro
MeTaJry 000X KPHUIb HA eTalli IpUIIPAaIIOBaAaHHA Iap TePTA IPUBOIUTE 0
3pOoCTaHHA BeJIuuuH MikporBepaoctu H, i Hy. Boamouac Takok 36iJb-
mryeTbes piskHUNA Mik HUMU (Hqa— Hy). Mikporeepaicts Hy, 3HaUHO Oi-
JIbIIIe BiOMBa€e BHECOK IPYKHBOI medopMallii MmaTepiany 3 IpOHUKHEH-
HAM iHZeHTOpa, HisK MikporBepaicts H,. Tomy BenmumHa piKHUITI
(H,— H,) xapaxTepudye BHECOK IIPY:KHLOI medopmaiiii B sarajbHy
OPYKHBO-IJIACTUUHY AedopMalliro MaTepidily 3 IPOHUKHEHHAM iHJEH-
Topa. Takum unHOM, AedOopPMOBAHUI IIiJ Uac MIPUNPAITIOBAHHSA IIap Tep-
T meTat (3oHU B) BigpisuaeThesa Bixg BUXiZHOTO He TiJIbKM TBEpPIiCTIO,
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TABJHUIA 7. Cepenui sHaueHHs (GisUKO-MEXaHIYHUX XapaKTEePUCTUK IapiB
TepTa (30HU A), necopmoBanoro (3ouu B) i HegedopmoBaHoro (30HU C) BUXigHUX
MeTaJiB KPUITh ITicia BUIIPoOyBauHA mapu Teptd Kpuita 130X 17—kpursa 20X13
Y cepemoBUIIl BogHAa eMyJbcia KoHIeHTpaTy MOP «EcTepaib»—moBiTpH.

TABLE 7. Average values of the mechanical characteristics of the friction
layers (zones A), the deformed (zones B) and undeformed (zones C) original
metals of steels after testing of the friction pair steel 130X17—-steel 20X13 in
the medium water emulsion of cutting-fluid concentrate ‘Ecrepans’—air.

Kpuma 130X17 Kpuma 20X13
ITap Trepra (3oHa A) ITap TepTsa (3oHA A)
30- | 3o- — 30- | 30- -
ma Clua B| Houa- |Cepenu-| Ki- |45 clga Bl oua- | Cepenn-| Ki-
TOK Ha HeIlb TOK Ha Hellb

H;,TTa 3,5 5,3 6,4 8,4 11,0 4,2 5,8 6,7 8,8 10,6
H},ITla 3,5 5,2 6,3 8,4 11,1 4,2 5,8 6,6 8,7 10,6
Hy, I'Tla 3,1 4,5 5,3 6,5 8,5 3,7 5,0 5,5 6,9 8,1
H}-H
I'lla
Amp/A 0,080,10 0,14 0,26 0,31 0,090,11 0,16 0,26 0,30
Am/A 0,920,90 0,86 0,74 0,69 0,910,89 0,84 0,74 0,70

h*0,4 0,7 1,0 1,9 2,6 0,5 0,8 1,1 1,8 2,5

ajse i mpy:xHicTIio. Ile miaATBepAXKYIOTH HaBeeHi B TAOJIUIAX CIIiBBimHO-
IIeHHA BHECKIB poboTu npyKEBOI (An,/A) Ta maactuunoi (A../A) nedo-
pMailiiit y sarajgbHy po0OTYy IPY:KHBLO-IIJIaCTHUYHOI medopmarrii marepi-
ANy 3 NPOHUKHEHHAM imgeHTopa. Caig BigsHaumTH, 1110 3aCTOCYBAHHS
3aMicTh BOAM BOAHUX eMyJibciii koHmeHtparieB MOP geio moHM:Kye
TBEPIIiCTh i MPYKHICTH Me()OPMOBAHOT'O HA €Talli IPUMIPAIIOBAHHS Iap
TepTsA BUXiTHOTO MeTasy 000X Kpuilh (30HU B). OcobsuBo 11e cTOCYETHCS
kKoHIeHTpaTiB MOP «AKB0-15I1» i «CinTam-2».

Marepisia 3HOCOCTIHKUX IIapiB TePTs YTBOPIOETHCA BHACIIJOK iHTEH-
cuBHOI maacTuvHoi medopmallii Mmikpoo6’eMiB MeTasy, IO HAIIIaAPOBY-
IOThCA Ha MOBEPXHI KOHTaKTy. BogHoUac HagaucepcHa CTPYKTypa IIa-
piB TepTa HaCUUYYETHCA AKTUBHUMU XeMiUYHUMHU eJIeMeHTaMM PoOOUOro
cepeposuiria. Ile mMpuBOAUTH A0 iCTOTHOTO AOJAaTKOBOTO 3SMiITHEHHA Me-
TaJy HIapiB TepTsd, AKi BiAPi3HAIOTHCA BiJ mJedopMOBAHOIO0 BUXiJHOTO
MeTaJy 000X KPUIlh BUCOKMMU TBEPAICTIO Ta MPY:KHICTIO. ¥ MeKax KO-
JKHOTO 3 IIIapiB TePTA 3 POCTOM CTYIIeHs ()parMeHTallii CTpyKTypu CIIo-
cTepiraeTnhes MoCTynoBe 30ibIITeHHS TBEPAOCTH Ta IIPYKHOCTH MaTepi-
any (tabua. 6—8). [linguku; mapiB TepTA 3 KpUCTAIOAaMOPMHOIO HAaHOC-
TPYKTYPOIO MiCTATh MaKCUMAaJIbHY KiJIbKiCTh aTOMiB aKTUBHUX XeMiu-
HUX eJIeMeHTiB po0oUYoro cepemoBUIa TA BiAPi3HAIOTHCA MAKCHUMAJb-

o

HUMU TBEPHiCTI0O ¥ mpy:KHicTIO. I3 BBeIeHHAM y BOAY KOHIIEHTPATIB
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TABJINIA 8. Cepenui sHaueHHs (isUKO-MEXaHIYHUX XapaKTEPUCTUK IapiB
TepTa (30HU A), necopmoBanoro (3ouu B) i HegedopmoBaHoro (30HU C) BUXigHUX
MeTaJiB KPUITh ITicia BUIIPoOyBauHA mapu Teptd Kpuita 130X 17—kpursa 20X13
y cepemoBHII BogHa eMyJIbcia KoHIeHTpaTy MOP «CinTan-2»—mosiTpa.

TABLE 8. Average values of the mechanical characteristics of the friction
layers (zones A), the deformed (zones B) and undeformed (zones C) original
metals of steels after testing of the friction pair steel 130X17—-steel 20X13 in
the medium water emulsion of cutting-fluid concentrate ‘Cinran-2’—air.

Kpuma 130X17 Kpuma 20X13
ITap Trepra (3oHa A) ITap TepTsa (3oHA A)
30- | 3o- — 30- | 30- -
ma Clua B| Houa- |Cepenu-| Ki- |45 clga Bl oua- | Cepenn-| Ki-
TOK Ha HeIlb TOK Ha Hellb

H,TTa 3,5 5,0 6,1 8,6 12,9 4,2 5,6 6,4 8,9 11,8
H;,ITla 3,5 5,1 6,1 8,5 13,0 4,2 5,7 6,5 9,0 11,7
Hy, I'Tla 3,1 4,4 5,2 6,6 9,9 3,7 4,8 54 7,0 9,0
H}-H
I'lla
Amp/A 0,080,110 0,13 0,25 0,33 0,090,12 0,15 0,27 0,31
Am/A 0,920,90 0,87 0,7 0,67 0,910,88 0,85 0,73 0,69

h*0,4 0,7 0,9 1,9 3,1 0,509 1,1 2,0 2,7

MOP 3spocraioTh MakcUMAaJbHiI 3HAUEHHSA TBEPAOCTH Ta IIPYKHOCTHU
HaMOiJbII (pparMeHTOBAHUX TiJAAHOK IIIapiB TepTsd, ade IXHiI cepenHi
3HAaUeHH B 00’ €Mi OKpeMUX IIIapiB TepTA 3MiHIOIOTHCSA HEiCTOTHO.
Ilapwu TepTs, 1110 GOPMYIOTECA Ha POOOUNX MOBEPXHAX i3 BBEICHHAM
y Bony koHmeHTpatiB MOP «AxBoi-15II» i «CinTan-2», MalTh cX0Ki
TBEPAiCTh i IPY:KHicTEL. AJe, Ha Bigminy Big MOP «CinTan-2», BUKOpU-
cragasa MOP «AxBoa-1511» BUKJINKae HA OKpeMUX OiJSHKAX MOBEePXHi
TepTA KPUXKe PYMHYBAHHS 3HOCOCTIMKMX CaMOOPTaHi30BAHMX IIOKPUT-
TiB I yac AMHAMIYHOTO IPOHUKHEHHA iHgenTopa. Ilig vac mikpomexa-
HiYHUX BUIPOOYBaHb MATEPiAIY IIIAPiB TEPTH, 1110 GPOPMYIOTHCA Y BOLHO-
HOBITPAHOMY cepemoBwuIIi I i3 3acTrocyBanHAM KoHIeHTpaTy MOP «Ec-
Tepajb», KPUXKe PYHHYBAaHHS 3HOCOCTIiMKMX CAaMOOPraHi3OBaHWX IIOK-
puTTiB He BinbyBaerbes. Ile mo6pe BUAHO 3 AidrpaM NPOHUKHEHHS iHIeH-
TOpa, IpeacTaBJaeHuX Ha puc. 9. Beemenusa y Boay KoHieuTpaty MOP
«AxBOI-1511» mpUBOAUTE 0 TOABU HA AiArpaMi IPOHUKHEHHS iHIEHTO-
pa B caMoOpraHisoBaHi 3HOCOCTifIKi MOKPUTTA rOPU30HTANBHOL TiJIAHKY,
AKa BiAmoBimae pyHHYBaHHIO WX IIOKPUTTIB i MOAAJBIIIOMY 3CYBY iXHiX
dparmenTiB B 06’eM gedopMoBaHOro BuxigHoro meraiay. IlpeacrasieHa
Ha pucyHKY 10 dororpadis Topiesoro nnrida JiIAHKN KPUXKOr0o PYHHY-
BaHHS 3HOCOCTIMKNX CaMOOPraHi30BaHUX IIOKPUTTIB IIiATBEPIIKYE IIe.
Panimre Biggumauasocs, mio koumeHTpat MOP «AkBosa-15I1» micTuTrs
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Puc. 9. [liarpaMu fruHaMiuHOTO MPOHMKHEHHS iHIeHTOPa B 3HOCOCTiHKi caMo0o-
prauizoBaHi moxputTta Kpuii 130X17: P — HaBaHTaKeHHSA Ha iHIEHTOD, h —
B3a€EMHe 30JM:KeHHSA iHAeHTOpa Ta 3pa3Kka. BUIIpoOyBaHHS Ha TepPTs IIPOXOIU-
Ju y cepemoBuIax: Boxa-TtoBiTps (1), BogHA emyJabcia KoHieHTpaTy MOP
«Ecrepanb»—noBiTpa (2), BogHa emyJbcia Koumentpary MOP «Cinramn-2»—
noBiTps (3), BogHa emyabcisa KoHIeHTpaTy MOP « AxBoJ-15I1» —moBiTps (4).

Fig. 9. Diagrams of dynamic penetration of the indenter into wear-resistant
self-organizing coatings on steel 130X17: P is load on the indenter, z is mutual
close in of the indenter and the sample. Friction testings were carried out in the
following environments: water—air (1), water emulsion of cutting-fluid concen-
trate ‘Ectepans’—air (2), water emulsion of cutting-fluid concentrate ‘Cimra-
2’—air (3), water emulsion of cutting-fluid concentrate ‘Axpos-15I1"—air (4).

B AKOCTi MPOTHU3aANPHOI Ta IPOTU3HOCHOI OpraHiuHoi mpucagku miTio-
Oic-u-OyTriakcauTorenar is Bmictom Cynsdypy y 40% . Tepmomexamiuma
JIECTPYKITiA Iiel mprucagKy y miIAMaxX KOHTAKTy MOBEPXOHBb TEPTA IIPU-
BOJIUTH 0 MOABU aKTUBHUX aToMiB Cyab(dypy, AKi IPOHUKAIOTH Y IIapu
TepTA ¥ YTBOPIOIOTH HA OKPEMUX MiJAHKAX APiOHOAMCIIEPCHI BKJIIOUEH-
HA cynbdpinis Pepymy (FeS). BoHU po3TaIoByiOThCS B IPUMEKOBUX
00JIaCTAX 3epeH Y BUTJIAAL OKPEeMUX JIAHITIOMKKIB 1 MOKYTH OyTU KOHITE-
HTPaTOpaMu HaPYKeHb, BIJINBAIOYU HA IIPOIlEC 3aPOAKEHHS Ta BTpA-
TH CTiHKOCTHU 3apPOAKOBUX TPiImuua. MoyKHa IIPUIIYCTUTH, IIIO cCaMe Iie €
MPUYNHOIO KPUXKOCTH ITapiB TepTdA i3 BBeIEHHAM y BOAY KOHIIEHTPATY
MOP «AxBoi-15I1».

¥ kornentpari MOP «Cinran-2» B AKOCTi IpOTM3aANPHOI TA IPOTU3-
HOCHOI OpradiuHoi mpucagKyu BUKOPUCTOBYEThCA Xaoprnapadin XI1-470
iz Bmicrom Xiaopy vy 50% . OgHak iioro sacToCyBaHHSA He IIPUBOAUTDH 10
YTBOPEHHA B IIapax TepTs OyAb- AKUX XeMiUHUX CIOJIYK aTOMiB XJI0py.
Tomy BBemenHA ¥ BoAy KoHIleHTpaTy MOP «CiHTan-2» He poOUTH caMo-
OpraHi3oBaHi 3HOCOCTiNKI MTOKPUTTS OiJIBIIT KPUXKIMU.

Amnamniza mopgosorii moBepxoHb TePTs IIicasg podOTH KOHTAKTHOIL ma-
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Puc. 10. CtpyKTypa 30HU KOHTaKTHOI B3aemoxii kpumi 130X 17 micaa BumpoOy-
BaHb IIAPM TEPTS y CePelOBUIIN BOAHA eMyJibcid KoumeHTpaty MOP «AxBOI-
15I1»—nioBiTpsi. Topuesuii muridp, A — 3HOCOCTiHKI camoopratisoBaHi IMOKPUTTA,
B — nedopmoBauuii Buxiguuit metasn, C — HegedopMoBaHMUIT BUXiTHUNA MeTAJI.

Fig. 10. The structure of the contact-interaction zone of steel 130X17 after
testing of the friction pair in the environment water emulsion of cutting-fluid
concentrate °‘AxBous-15II’—air. Cross-section, A is wear-resistant self-
organizing coatings, B is deformed initial metal, C is undeformed initial metal.

PH B Pi3HUX CepelOBUINAX TAKOK CBiIUUTH PO Te, 110 BBeIEHHS V BOAY
koHIeHTpaTy MOP «AKBOJ-151I1» moHM:KYE CTifiKicTh camMoopraHisoBa-
HUX BHOCOCTiMKNX MOKPUTTIB A0 PyHHYBaHHA B yMOBaxX IUKJIIYHUX
TepMOMEXaHIUHNX yAapHUX HaBaHTa:KeHb. Dororpadiro AiIAHKH MHO-
BepXHi TepTd, Ie BimOyBaeThcsa Take pyHHYBaHHA, HaBeqeHo Ha puc. 11.
Amnamniza mopdosorii po6ounx moBepXOHb CBiIUUTEL IIPO TeE, IO MaKCHU-
MaJIbHA KiJbKiCTh TAKMX MiJISHOK 3YyCTPiUaeThCA y IIapW TEPTS IIicsa
poboru 3 BoguumMu emyabciamu KormentTpary MOP «AxkBoJ-15I1».

Hageneni Builie gaHi yMOKJIMBJIIOIOTH OIIMCATH MEXaHi3M BILJIUBY OpP-
ragiuanx MOP 3 aHTU3HOCHMMU Ta IPOTUIATUPHUME IIPUCATKAMI, IO
MicTATh aKTHUBHI XeMiuHi eJleMeHTH, Ha IIPOIleCc caMOoOpTraHisaii Ha 1mo-
BEPXHAX TEPTA B3HOCOCTIMKMX HOKPUTTiB. IlogcHuTH iXHi# BIJIMB Ha
¢isuKo-MexaHiuHi BJACTHUBOCTI ITMX IOKPUTTIB, Koe(dimieHT TepTsa Ta
3HOC TiJ mix yac poOOTH BYy3JIiB TepTs.

XapakKTep po3HoJiay 3aJMIITKOBOI IJIaCTUYHOI Aedopmalrii B 30HI KO-
HTaKTHOI B3aeMOZii KOKHOTO0 3 TiJ mapu TepTs (puc. 3) CBiguuTh Ipo Te,
110 B YMOBax maHoi poboTu (hidmKo-MeXaHiuHi BJIaCTUBOCTI 060X KPHUITH
HECIIPOMOXKHI 3a0e3meUnTH IIi Yac IPUIPAIIOBAHHSA IIapy TEPTA IPY-
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Puc. 11. Crpykrypa moBepxHi TepTs pobouoi mapu kKpuisa 130X17-kpuisa
20X13 micaa BunpoOyBaHb y cepeOBUIIi BogHA eMyJabcia KoHIeHTpaTy MOP
«AxBoOJ-15I1»—moBiTPsA, A — 3HOCOCTiliKi camMoopraHizoBaHi mOKpuTTsa, B —
necdopMoBaHUY BUXIinHUY MeTas.

Fig.11. The structure of the friction surface at the working pair of steel
130X17—- steel 20X13. Friction testings took place in the environment water
emulsion of cutting-fluid concentrate ‘Axsoxa-15I1"—air, A is wear-resistant
self-organizing coatings, and Bis deformed initial metal.

JKHill KOHTAKT B3aEMOJiMHUX ITOBEPXOHb. IHTEeHCHWBHA IIJIaCTHUYHA [e-
dopmalrid TiJi Ha TOUaTKOBOMY eTalli TepTA BUKJNKaEe PYUHYBaHHS I10-
BepXHEBUX ILTiBOK OoKcuIiB Fe:0s, amcopboBaHUX MOJIEKYJ BYTJIeBOAHIB
MOP i xemiuaux cnoayk Cynabhypy Ta Xa0py, AKi 3’ ABIAIOTHCA B ILJI-
MaxX KOHTAKTy IOBEPXOHbL TEPTSA BHACJIJOK TePMOMEXaHiuHOI JeCTPYK-
il MOJIeKyJI IPHUCaJoK. Y TBOPEHHSA BHACIIIOK IIOT0 Ha IIOBEPXHAX Te-
PTA KpUIb 0e3I0ocepeqHbOT0 KOHTAKTY IXHiX I0OBEHIJILHUX IIOBEPXOHb
BUKJINKAE MOABY CUJIbHUX aaresiiHmx 3B’ A3KiB. Ile mpuBoauTh 10 Ha-
IIapyBaHHA Ha IIOBEPXHi TepTs MiKpooO’eMiB MeTany, OPUJIETJIUX 0
IJIAM KOHTAKTy, a00 BUKJINKAaE JOKAJIbHEe PYHHYBaHHS MeTaJly Ta Moro
ImepeHeceHHA MiK TijaMu 3 moJaJbIINM 6araTopasoBUM IIPOKATYBAH-
HAM MiK KOJIOAKOIO Ta AUCKOM. BHACIiOOK IIhOT0 YTBOPIOIOTLCA IIAPHU
TepTH, 3 IKUX CKJIATAI0THCA CAMOOPTaHi30BaHi 3HOCOCTiNKI MOKPUTTS.
Pamnire 6yso mokasamo, 110 TeOMETPUYHI PO3MipH IIapiB TEPTA icTOT-
HO 3aJIeXKaTh BiJ BHOOPY poOOUOTro cepeoBuIlia. BeeleHHS Y BOAY KOHILe-
HrpaTtiB MOP «AxBoJs-15I1» i «CinTan-2» 30iablye iXHIO CepeIHIO TOB-
muHy y 6 i 7 pasiB BimmoBigHO; BBemeHHsa y Boay KoHIeHTpary MOP «Ec-
Tepanb» — y 3 pasu. OCKiJIbKM caMOOpPraHi3oBaHi 3HOCOCTiMKI MOKPUTTS
CKJIAJAI0ThCA 3 ImapiB TepTsa [8, 9, 17, 18], KoKeH 3 AKUX € Pe3yJIbTaTOM
OKPEMOro aKkTy HaIllapyBaHHS MeTaJy Ha poO0oUy MOBEPXHIO TiJ, MOMKHA
3poOUTHU BUCHOBOK, IO BBeJeHHA Y BoAy KoHIeHTpaTiB MOP maactudi-
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Kye MeTaJ B3aEMOIiMHUX i uac TepTa MikpoBucTyiriB. Tomy Ha moBep-
XHi KOHTAKTY HAIIIapOBYIOTLCA OLJIBIII 00’ eMU MeTaJy, 1110 IPUBOAUTD 10
301JIBIITeHHA cepeIHbOI TOBIIUMHY TOBEPX HEBUX IIIAPiB TepTs.

¥V poborax [8, 9 i 18] 6yJi0 mokasaHo, 1110 ¥ BUNAAKY TEPTA KOHTAKT-
HOI IIapu y BOAHO-TIOBITPSIHOMY CEpPEemOBUIIL IIiJ Yac HaIlapyBaHHS Ha
TOBEPXHi TepTsda MiKpooO’eMiB MeTaJIy CIIOCTEPiTaeThCA HAKOIMUYEHH B
OIPUMEXKOBUX 00JIACTAX 3epeH MeTacTabiIbHMX aTOMOBHUX KJACTepiB
Fe—0-C i yasTpagucuepcuoi okcuguoi ¢asu o-Fe:0;. Meracrabinbui
aTomoBi Kiactepu Fe—O—C aBIsS0TH CO00I0 OKTAIIOPY, B IEHTPi AKOI
sHaxoauTbcAd OKcureH, a aBa aromu Pepymy y BepIIMHAX 3aMiIleHO
aromamu Kapbony. 1li KiacTepu Ta HAaBKOJIUIITHI aTOMU MeTaJy PO3.Ii-
JISTIOTE 00JIACTI 3 MOHMKEHOIO eJIeKTPOHHOIO I'ycTruHOoI0. Hacii KoM 1ho-
ro € obMerKkeHa yuacTh BaJIEHTHUX €JeKTPOHiB y (popMyBaHHi 3B’A3KiB
MiK aToMaMu KJIACTePiB 1 aToMaMu MeTaJy, II[0 OTOUYIOTh iX, i BiTHOCHO
JleTKe ixHe pyHHYBaHHSA i3 3CyBOM 3€pPeH B3JOBK MeXK. JIerKoMy 3CyBY
3epeH B3IOBXK MeK TaKOMK CIIPUAE HEeCTiHKiCcTh M0 30BHIMIHIX Aedopma-
mifi MiKaToMoBMX 3B’S3KiB, c(opMOBaHMX BaJeHTHUMHU 3d-
eJekTpoHaMmu aToMiB Pepymy KiacTepiB. Ile mecrabimizye cTPyKTypy
MeJK 3epeH i MOo)Ke CIPUATH BUHUKHEHHIO B MiKpoo0’eMax MeTaJy ITif
yac HaIlllapyBaHHS Ha ITOBEPXHI TepTdA AUHAMIUHUX CHUCTEM, AKi Immjac-
TU(DIKYIOTH MeTa.

VY pasi pobotu mapu TepTA Y BOLHO-IIOBITPSIHOMY CepeIOBUIII HACH-
yenusa KapboHoM IpuMe;KOBHX 00JIacTell yJIbTPaAHCIEPCHUX CHCTEM,
110 HAIIIAPOBYIOTHCSA HA IIOBEPXHIi TepTs, BigOyBaeThCA BUKJIIOUYHO BHA-
CIiOK po3uMHeHHsA ApiOHoAucIepcHOI Kapbiguoi gasu. BogHouac Ki-
JbKicTh aTromiB KapOony B ToBepxXHeBUX IIapax TePTs BTPUYi MeHIIa 3a
KinmbkicTs aTomiB Oxcureny (Tabi. 4), AKi IpOHUKAIOTE Y MeTaJ 3 Pobo-
yoro cepenoBuira. Ile mepemnkoa;kae yTBOPeHHIO B IPUMEKOBUX obJac-
TAX 3€PEeH 3HAUHOI KiIbKOCTH MeTacTabiIbHUX aTOMOBUX KJacTepiB Fe—
0-C, mro nnactTudikyooTs MeTas. ToMy 3a B3a€EMOAii MiKpPOBHUCTYIIB Yy
BOJIHO-IIOBITPSAHOMY CEPEeIOBUIII Ha IMOBEPXHi TepTA HAIIAPOBYIOTHCS
HeBeJnKi 00’eMu MeTaly, 1110 pOOUTH IIapu TepTA ToHKuMH (puc. 31 4),
ayac IpunpaIoBaHHA pobouoi napu 6iybin TpuBaauM (puc. 2).

Aute, KO Y BOAY AOMATU KOHIIEHTPATH BOJOPO3UYMHHUX OPTraHiuHUX
MOP, akTUBHUMHI XeMiUHUMHU eJeMeHTaMu poOOUoro cepemoBUIla CTa-
I0Th, OKpiM aTomiB OKcuremy, Takosx aromu Kapbomy, Cynndypy Ta
Xuopy. B nbomy Bunagky HacuueHHA KapOoHoMmM mpume:koBUX obJjac-
Teil MeTaJy, IIT0 HAITapPOBYETHCA HA ITOBEPXHi TepTsd, BigOyBaeThCsa He
TiILKY BHACJIJOK PO3UMHEHHA KapOigHoi (asu, aje i IMIJIIX0OM IPOHU-
KHeHHsaA aToMmiB Kapbouy B 06’eM MeTasy 3 pobouoro cepemnosuiiia. 3 ma-
HUX TabJuIli 5 BUAHO, 1110 BBeeHHA ¥ BoAy KouIieHTpaTtiB MOP «AkBoJI-
15I1» i «CinTan-2» pobuTh cIiBBigHOIIEHHA KilbKocTeil aTtomiB Kapoo-
Hy i1 OKcureHy y mapax TepTd ONTUMAJbHUM AJA (GOPMyBaHHS Ha Me-
JKaxX 3epeH MaKCUMAaJBLHOI KiJTbKOCTH MeTacTabiIbHUX aTOMOBUX KJac-
TepiB Fe—0—C, sgaTHux poduTy MeTaJ 6ibIll IIIacTUYHIM. BBeIeHHA ¥
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Bony KouieaTpary MOP «EcTepayb» TaKOMK CIPHUSE I[HOMY, aJieé MEHIII
edpexTuBHO (Tabda. 4). i gami gy:Ke modpe KOPeTOIOTH 3 BeIUUYMHAMU
cepeIHbOl TOBIMHY IIOBEPXHEBUX IIapiB TepTs, 110 GOPMYIOThCA B pis-
HUX cepemoBuiniax. ToMy MOKHA IPUIYCTUTH, IO 3MiHA XeMiuHOIO
ckaany meopMOBAHOTO HA IIOBEPXHAX TEPTA METaly BHACJITOK BBe-
IeHHA y BoAy KouIieHTpaTiB MOP Mo:Ke OyTH OfHi€IO 3 IPUUMH IIJIACTH-
dikarii meranay B maAMax KOHTAKTY TiJ i 361JbIITeHHS BEeIUUMHU MiK-
poo0’emiB Merany, 3 AKUX (GPOPMYIOTHCA IMIAPU TEPTA IIiJ yac akTy Ha-
IIapyBaHHsA MeTaJIy Ha poboui moBepxHi TiJ.

Cain BigsuauuTu, mo g0 ckaany MOP sxogars ITAP, aki sgaTui smi-
HUTHU IIOBEPXHEBY €HEPTii0 MeTay B IJIAMAaX KOHTAKTY IIOBEPXOHb TEP-
1d. Ile TaKOoK MOXKe IPUBECTU M0 IJIacTu(diKaIii moBepxHeBUX IapiB
MeTaJIy Ta 3POCTaHHS BeJIUYMHU MiKpooO’eMiB MeTally, 3 AKUX PopMy-
IOThCA IIapU TEePT, IO 30iJIBITUTEL IXHIO TOBIIUHY. AJle BUSHAYUTHU SIK
came MOP 3MiHIOIOTH ITIOBEPXHEBY eHepriio MiKkpoob6’eMiB meTasy, IO
HAIIapOBYIOTHCA Ha IIOBEPXHIi TEPTs, B yMOBaxX AaHOI poOOTH He MOKJIH-
Bo. Tomy ominuTu cryninp BuauBy ITAP Ha cepemHio TOBIMHY IIapiB
TepTsd 3a 3acTocyBanuda pisaux MOP ay:xe BaskKo.

Takum unzaoM, saMina MOP xemiuHOTO CKJIamy ¥ eHeprii moBepxoHb
TepTsA IPUBOIUTE IO HAIIIAPYBaHHS Ha PO00Ui TOBEepXHi O0iIbIN BEIUKUX
00’eMiB MeTamy, IO 30iJbIlIye CepPemHI0 TOBIIUHY IIOBEPXHEBUX IIapis
TepPTA Ta CKOPOUYeE Yac, MOTPiOHMI IJIa caMoopraHisalii Ha TOBePXHAX
TepTs 3HOCOCTIMKWX IIOKPUTTIB y KiJIBKOCTi, HJOCTATHIN AJIsI IIOBHOTO
eKpaHyBaHHJA ITiJ Yac podoTu Ae)OPMOBAHOT0 BUXiTHOTO METaJIy Ta Ie-
pexony map TepTs y CTallioOHapHUHI PesXUM POOOTH 3 MiHiMaJIbLHUMU 3HO-
coM i KoeditierTom TepTa (puc. 2).

Ilig yac mpumpalljoBaHHA IMap TepPTsd iHTeHCUBHA MIJIacTudYHA Aedop-
Mallisg TiJl BUKJIMKAae PYUHYBAHHS MOBEPXHEBUX ILTiBOK OKcumiB Feqx0Os,
azmcopboBanHmX MOJIEKYJ ByreBogHiB MOP i xeMiuHIX CIIOIYK IPOAYK-
TiB PO3KJaJy IPOTU3AAUPHUX i aHTMBHOCHUX IIPHCAAOK. BHaciimok
IILOTO BUHUKAE 0Oe3ImocepenHiil KOHTAKT MeTaJeBUX IIOBEPXOHL 000X
Tis. TBepaicTh 3a PokBesioM TepMiuHO 00pPO0IeHUX BUXiTHUX METAJIiB
kpunsb 130X17 i 20X13 mopisuioe 36,9 i 40,7 HRC BinmoBinmo. Takox
3 maHuXx TabauIhk 6—8 BuAHO, 110 y KpuIli 20X 13 nedopMmoBanmii mizm uac
OPUIIPAITIOBAHHSA MeTaJ OiJbIll TBepAWH i HPY:KHi, aHIK y KpHIi
130X17. Tomy Ha eTalli NpUIPAIIOBAHHSA IIAPU TEPTS CIOCTEPiraeThCsa
nepeBaykHUM Maconepernoc Kpuili 130X17 ma mosepxuio Kpuiii 20X13.
A camoopraHizoBaHi 3HOCOCTIHMKI MOKPUTTA 000X KPUIbL YTBOPIOIOTHCA
nepeBakHO 3 Marepiany kpuri 130X17. 3Hoc Tin mig uac reprsa Bigbdy-
Ba€ThCSA BHACIIOK BUKPUIITYBAHHS OKPEeMUX IiJITHOK caMOoOpraHisoBa-
HUX 3HOCOCTiMKMX IIOKPUTTIB Uepes3 YTBOPEHHA BTOMHUX TpimmuH. Ilic-
JIS IIHOT0 Ha IUX MiJSHKAX MOKYTH 3HOBY (GOpMyBaTUCA HOBi ITIOKPHUT-
Ts1. ToMy Ha TOUATKOBOMY eTalli TepTs BBeAEHHSA Y BOAY KOHIIEHTPATIB
MOP icToTHO He BrituBae Ha KoedilieHT TepTsa Ta 3HOC Tia (puc. 2, TabJ.
2), a 3uoc kputi 130X17 nisa 6yab-AKOT0o cepeloBHUINa 3HAYHO CUJIbHI-
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mui, Hixk Kpuni 20X13.

IITapu TepTa BiApisHAIOTHCA BUCOKMMMU TBEPAICTIO Ta IPYKHICTIO B II0-
piBHaHHI 3 medopMoBaHUM BUXigHUM MeTasoM (Tabia. 6—8). Tomy yTBO-
PeHi HMMU caMOoOpraHi3oBaHi 3HOCOCTiMKi MOKPUTTS JIOKATII3YIOTh IPOILe-
CcH IJIaCTUYHOIL AedopMalrii y TOHKOMY IOBEPX HeBOMY I1api. BoHU € 6ibIIl
TBEP/IOI0 Ta IPY:KHLOIO (B MMOPIBHAHHI 3 BUXiTHUM MeTaJIoM 000X KPUILh)
OiAKJIaIUHKOIO IJIS PO3TAIIIOBAHUX HAa IIOBEPXHAX TEPTS ILJIiBOK aacopoo-
BaHUX MOJeKyJ ByrieBomgHiB MOP i xeMiuHMX CHOJIYK IPOAYKTIB PO3-
KJIaoy IPOTU3AAUPHUX 1 AHTU3HOCHUX IPUCAA0K. 3aBIAKU ITLOMY CaAMOO-
praHisaris Ha MOBEPXHAX TEPTSA 3HOCOCTIHKUX IIOKPUTTIB cIIpuAe edek-
tuBHi# mii MOP. 3 ganux puc. 2 i Tabj. 2 BUAHO, IO B CTAJIOMY Pe:KIMi
pob6oru MOP icTOTHO 3MEHIITYIOTh 3HOC 000X TiJj i KoedilieHT TepTa.

Konnenrpar MOP «EcTepanb» He MiCTUTEL Y CBOEMY CKJIAAL IIPOTH3Aa-
IUPHUX i aHTU3HOCHUX NPHCANOK. B MbOMYy BMOAAKy HOBEPXHiI TepTsd
eKPaHYIOTLCS MepPeBakHO 3aBIAKU aICOPOOBAHUM MOJIEKYJIaM BYIJIeBo-
nHiB. Ile 3mMeHIITye aaresiiiHy B3aeMoOi0 MisK Tijlamu, 1110 TPYThCH, ajie
He Moxke ycyuyTu ii. Tomy i3 BBegenunam y Boay KoHIeHTpaty MOP «Ec-
TepaJib» IepeBakHuil maconeperoc Kpumi 130X 17 Ha MOBEePXHIO KPUITi
20X13 3MeHIIIYEThCHA, ajle BCe K 3aJIMINAEThC icToTHIM. A camoopra-
Hi30BaHi 3HOCOCTiMKi MOKPUTTA 060X KPUIlh, AK i pamHiie, yTBOPIOIOTh-
cd mepeBakHo 3 MaTepiany kpuiti 130X17 (Taba. 3 i 4). Uepes e B 11b0-
My BUIIQAKY Y CTAJIOMY PeXuMi poboTu Barosuii 3uoc kpuiti 130X17 B
1,5 pasu nmepeBuilye sarosuii 3uoc kpuili 20X13. Bogaopas HepiBHOMI-
pHe 3HOITYBaHHA TiJI, IO YTBOPIOIOTH BY30JI TEPTA, HOHUKYE Pecypc io-
o poboTH.

Ho ckaany xoumentpariB MOP «AxBoa-15I1» i «Cinran-2» BXomgaTh
OpOTU3anMPHi I aHTU3HOCHI OpraHiuHi mpucagku, 110 MiCTATL Y MOJe-
Kyai aktuBHi aromu Cynsdhypy Ta Xiopy. Beemenusa ix y Bogy mpuBo-
IUTH N0 aacopObIrii mprcazok Ha MOBEPXHAX TEPTs, PO3KJIAAY IPUCATOK
3a IiABUINEHUX TeMIIeparyp y MicliAxXx (paKTUUYHOro KOHTAKTY B3a€MO-
IiMHUX MIOBEPXOHb i XxeMiuHil B3aeMoaii HaOiIbII aKTUBHUX IPOAYKTIB
PO3KJany mpucamok 3 moBepxHaAMU TepTs [23]. BogHouac Bim6yBaeThca
xeMiuHe MoAU(PiKyBaHHA IIOBEPXOHL TEPTs, B Pe3yJabTaTi SKOro Ha Mi-
JAHKAX KOHTAKTY TiJ, III0 TPYThCA, POPMYIOThCS IIAPU XEMIiUHUX CIIO-
JYK MIPOAYKTIB PO3KJaAy IIPHUCAJIOK 3 MeTaJloM IToBepxoHb. Ili xemiuHi
CIIOJIYKY €KPaAHYIOTh MeTaJIeBl MOBEPXHi B MiCI[AX KOHTAKTy MiKpPOBHC-
TYIIiB, II[O IIEPEeINKOAKac aAresiiHii B3aemoaii Tij. @ororpadiio Topiie-
BorO HiIida 30HM KOHTAKTHOI B3aeMomii kpuiri 130X17 micasa BunpoOly-
BaHb napu Teptd 3 MOP «Cinran-2» HaBeneHo Ha puc. 12. 3o6paskeHHs
oJlep:KaHo 3a JOIIOMOT0I0 CKaHYBAJBHOI eJIEKTPOHHOI MiKpOCKOIIii B pe-
JKUMi eJIeKTPOHiB, M0 morauHaiTbeA. CeiTauit map (3oua D), 1o je-
*KUTH Ha IIOBEPXHi TEPTs, BiAIIOBilac XeMiYHIUM CIIOJIyKaM aToMiB XJIo-
py it OKcureHy 3 aroMaMu Kpuii. Ioro TOBIIUHA 3MiHIOETHCS B3JOBIK
IOBEPXHIi TepTsd Ta MOKe cAratu 6 MkM. BugHo, 110 Ieii map eKpanye
caMOOpTraHi3oBaHi 3HOCOCTiHKiI MOKpUTTA (30HA A) i fehopMoBaHUIl BU-
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Puc. 12. CtpyKTypa 30HU KOHTaKTHOI B3aemonii kpuni 130X17 micaa Bumpo-
OyBaHb IapU TePTA Y CEPEeOBUII BOAHA eMyJbcisa KoHIeHTpaTy MOP «CinTas-
2»—tioBiTpsa. Topuesuit maid, A — camoopranizoBaHi 3HOCOCTiMKi MOKPUTTS,
B — nedopmoBanmii Buximuuii metana, D — XxeMiuHi CIIOJIYKM ITPOAYKTiB pPo3-
kaany MOP 3 MmeTasioM ITIOBEPXOHb, II[0 TPYTHCH.

Fig. 12. The structure of the contact-interaction zone of steel 130X17 after
testings of the friction pair in the environment water emulsion of cutting-
fluid concentrate ‘Cimran-2’—air. Cross-section, A is wear-resistant self-
organizing coatings, B is deformed initial metal, and D is chemical com-
pounds of decomposition products of lubricating-cooling liquid with the metal
of rubbing surfaces.

Ximuuit Metas Kpuili (3ouHa B), mepermko:xaouyn KOHTAKTY I0BeHiIbHUX
MeTaJIeBUX IIOBEPXOHbD TiJ i aAaresiiiniit B3aemoxii misk Humu. g ¢ins-
MyBaHHS 0yJI0o 00paHO MiJISHKY IIOBEPXHi TepTs 3 BTOMHOIO TPiIllUHOIO,
10 MPOXOAUTH KPi3h caMoopraHisoBaHe 3HOCOCTiWiKe HTOKPUTTA (30HA
A). Uepes yTBOpeHHS TAKUX TPIiIIUH OKPEeMi JiMAHKY IOKPUTTS PYHHY-
IOTBCS, IIiCJIS YOT0 HA I[bOMY MicIli pOpMYIOTHCA HOBI HOKPUTTA.

Y Bunagky BBegeHHs y Boay KoumeHnTpaty MOP «AxBos-15I1» crpy-
KTypa 30HU KOHTAKTHOI B3aeMoxii kpuii 130X17 He BigpisHusgeThbed Bin
omucanoi Butie (puc. 12), ayie cBitauii map (3oua D), 1110 JIeKUTH Ha II0-
BepXHi TepTsd, BiAmoBigae xemiunuM coosnykam aromiB Cyasdypy i Ox-
CUT'€HY 3 aTOMaMU KPUITi.

ITonm:xkeHHA TPOTU3AAUPHUMY M AaHTUSHOCHUMU OPTraHiYHUMU IIPU-
cagxkamu MOP anresiiiHoi B3aeMofii B MicIIIX KOHTAKTY MiKPOBUCTYIIiB
3MEHIIyE€ aMILIITyAy IHKJIIYHMX HaBaHTa’KeHb Ha caMOOpraHi3oBaHi
3HOCOCTiHKi IIOKPUTTA Ta IMEPENTKOIKAE MACOIIEPEHOCY METaIy MidK Ti-
JaMu, 110 TPYThCA. 3aBAAKHU IIbOMY BifOyBaEeThCA iCTOTHE 3MEHIIIEHHSA
BeJIMUUH 3HOCY Ta Koe(ilienTa Tepra (puc. 2, Tadi. 2). BomHouac camo-
OpraHizoBaHi 3HOCOCTIMKI MOKPUTTA KOMKHOI0 3 TiJ1 pobouoi mapu ¢op-
MYIOTBCSA IIePEeBaKHO 3 MaTepisnry mamoro tiaa (tabia. 5), Mo poduTs ix-
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Hii 3HO0C 6iIbIl piBHOMipHUM (TabJa. 2).

XapaxrTtep BiuBy MOP «AkBos-15I1» i «CinTan-2» Ha CTPYKTYpPHO-
¢as3oBi mmepeTBOpPEeHHS MeTaJdy B 30HAX KOHTAKTHOI B3aeMOJil KpHUIb
Mali:ke omHakoBUiM, aje sactrocyBaHHA MOP «AxBos-15I1» moHMKye
CTiMKiCTh cAaMOOPraHi30BaHUX 3HOCOCTiNKUX MOKPUTTIB A0 pYyHHYBAaHHSA
B YMOBaxX IUKJIUYHUX TepMOMEXaHiUYHMX HaBaHTaKeHb. lle 36imbIrye
3HOC KPUIb i pOOUTH 3aCTOCYBAHHSA IX MeHIII e()e KTUBHIIM.

4. BUCHOBRKH

Hesane:xxuno Big Bubopy mactumiabHO-oxoJoaHOI piguau (MOP) mepexin
napu tepTtd kpuilsa 130X17 (xomoaxa)—kpuia 20X13 (guck) B craiiio-
HaApPHUH peXUM pobOTH 3 MiHiMaJIbHUMHU 3HOCOM i KoedimieHTOM TepTa
BimbyBaeThCs 3aBAAKHM caMOOpTaHisallii Ha IOBEPXHIX KOHTAKTy 000X
TiJl 3HOCOCTIMKMX HaAAPiOHOAUCIIEPCHUX MOKPUTTIB Y KiJabKoCTi, mO-
CTaTHil AJId HOBHOTO eKPaHyBaHHA IIiJ uac podoTu 1eOpMOBAHOTO BU-
xXimHOTOo MeTay. 1li MOKPUTTA yTBOPEHO 3 AKiCHO HOBOT'O YJIbTPaAgUCIIEe-
PCHOTrO Ta HAHOCTPYKTYPOBAHOI'O MATEPiANy, AKKI MOXKe MicTUTH 10 25
ar.% aKTHBHHX XeMiUHMX eJIEMEeHTiB poO0UOro cepeOBUILA.

CamooprauizoBaHi 3HOCOCTiHMKI MOKPUTTSA CKJIAJAIOTHLCS 3 IIIaPiB Tep-
TS, KOJKEH 3 AKUX € Pe3yJIbTaTOM OKPeMOro aKTy HalllapyBaHHSA MiKpo-
BHCTYIiB MeTaay Ha poO0oYy IMOBEPXHIO TiJl B Pe3yJabTaTi iIXHbOI aaresii-
HOI B3aemofii. BUHUKHEHHS Ha OKpeMUX JiJMISTHKAX POOOUYUX TOBEPXOHD
CUJIBHUX aATe3iflHNX 3B’A3KiB MOKe IPU3BOJUTU OO0 JOKAJILHOTO PYyH-
HYBaHHA MeTaJly Ta HOro ImepeHeceHHs MixK TijlaMu, AKi yTBOPIOIOTH
By30J TepTda. ToMy MiKpoo0’eMu MeTaly, HalllapyBaHHA SKUX Ha IOBe-
PXHi KOHTAKTy IPUBOAUTH IO YTBOPEHHS 3HOCOCTiNKUX IapiB TepTd,
MOKYTh (QOpMyBaTHCS 3 MaTepisay pisHuX Tija. A camoopraHisoBami
3HOCOCTiliKi MOKPUTTS OYAYyTH CKJAZATHCA 3 OKPEeMHUX IIIapiB TepTsd,
chopMOBaHUX 3 METANY PiBHUX KPUIb.

IlTapu TepTsa BiApPi3HAIOTHCA BUCOKMMU TBEPIICTIO Ta IMPYKHICTIO B
HOpPiBHAHHI 3 1e()OPMOBAHUM BUXiTHUM MeTaJioM. ToMy yTBOpeHi HUMU
caMoopraHidoBaHi 3HOCOCTiHKI IMOKPUTTSA JIOKAJIi3yIOTh IIPOIIECH IIJIAC-
TUYHOI gedopmallii y TOHKOMY IToBepxXHeBoMY I1api. BoHU € 6iabII TBe-
pAoI0 i IPYKHBOIO (B MOPiBHAHHI 3 BUXiZHUM MeTaJaoM 000X KPHUILh) ITi-
IKJATUHKOIO IJIS PO3TAIIIOBAHUX HA IIOBEPXHIX TePTd IJIiBOK agcopbo-
BaHUX MOJEKYJ ByrjeBogHiB MOP, oKcuIiB i XeMiUHMX CIOJYK IIPOIY-
KTiB PO3KJAAy MPOTU3ALUPHUX i aHTU3HOCHUX mpucagok. Tomy epek-
TuBHOIO Aist MOP crae smitie miciis camoopraHisaiiii Ha IMTOBepXHAX Tep-
TS 3HOCOCTiHKUX IIOKPUTTIB.

3MiHa MacTUILHO-OXOJOIHIMY PiAMHAME XeMiUHOTO CKJIaIy i eHep-
rii mOBepPXOHb TEPTA IPUBOAUTEL A0 HAIIAPYBAaHHA Ha pPoO0OUi mMoOBepxHi
OigbImx 00’eMiB MeTaady, IO 30iJIbIINYE CepeqHIO TOBIIMHY IIOBEPXHe-
BUX IITapiB TePTA Ta CKOPOUYE Uac, IOTPiOHUIM IJIsa caMoopradisaIii Ha
MOBEPXHAX TEPTA BHOCOCTINKMUX MOKPUTTIB Yy KiJILKOCTi, AocTaTHiN nisa



184 B.B. TUXOHOBIY

TOBHOT'0 eKpaHyBaHHJ HiJ yac poboTu ne)opMOBAHOTO BUXiTHOT'O MeTa-
JIy Ta Iepexoay map TepTA y CTalliOHAPHUI PesKUM PoOOTH 3 MiHiMab-
HUMU 3HOCOM i Koe(imienTom TepTs. BBemeHHs y Booy KOHIIEHTPATIB
MOP «Cinran-2» i «AxBon-15I1» 306inbIlye cepeaHIO TOBIUHY IIapis
TepTA y 7 i 6 pasiB BiAmoOBimHO; BBeJeHHS y BoAy KoHIieHTpary MOP
«Ectepanb» — y 3 pasu. Tako:x y pasi sacrocyBaumua MOP «CiuTan-2»,
«AxBoJ-15I1» i «EcTepanb» CKOPOUYETHCSA Yac IPUIIPAIIOBAHHSA IIapu
Tepray 1,8,1,7i1,4 pasu BigmoBiguo.

Koumnenrpar MOP «EcTepanb» He MiCTUTBh Y CBOEMY CKJIAAi IPOTH3Aa-
IUPHUX i aHTU3HOCHUX IPHCAAOK. B IIbOMY BUIIAAKY IIOBEPXHi TepTs
€KPaHYIOThCS MePeBaKHO 3aBIAKHU aICOPOOBAHUM MOJIEKYJIaM BYTJIeBO-
IHiB i TOHKi#N miuiBni okcuais. Ile smMeHIye aAre3ifiny B3aeMOIii0 MisK
TijlamMu, 1110 TPYThCA, ajie He MoKe icToTHo yeyuyTu ii. Tomy BBegeHHA ¥
Bony KouneHTpary MOP «Ecrepanb» He ycyBae mig uac poboTu mapu Te-
pTA mepeBakHUI MacomepeHoc kKpuili 130X17 Ha IIOBepXHIO KPUILi
20X13. A camoopraHi3oBaHi 3HOCOCTifiKi MOKPUTTA 000X KPUIb, AK i
paHiiiie, yrBOpOOTLCA IepeBakHo 3 MaTepianry xpuili 130X17. Uepes
Ile B IIbOMY BUIAAKY y CTAJIOMY PEXKHMi poOOTH BAaroBM 3HOC KPHIIL
130X17 B 1,5 pasu nepesuilye Barosuii suoc Kpuiii 20X13, 1o moHu-
JKye pecypc poboTH By3Jjia TepPTH.

Beegennsa y Bony koumeHTpatiB MOP «AxkBoi-15I1» i «CinTan-2» 3
OPOTUIATUPHUMU 11 aHTU3HOCHUMU NPUCAAKAMU, III0 MiCTATH aKTUBHI
aromu Cynabpdypy Ta Xiaopy, xeMmMiuHo moaupikye moBepxHi Teprs. B
IILOMY BUIAAKY Ha TiMSHKAX KOHTAKTY TiJ, IO TPYThCA, AOZATKOBO
dopMyIOTHCA IIaPpU XeMiUHUX CIOJYK MPOAYKTIiB PO3KJIAAY IPUCATOK 3
MeTaJIOM ITOBepXOHb. I[OHMIKEHHS MPOTU3AAUPHUMU i1 aHTU3HOCHUMU
opramiunumu npucagxamu MOP aaresiiinoi B3aeMomii MOBepXOHb B Mi-
CIAX KOHTAKTY MiKPOBUCTYIIiB 3MEHIITYE aMILIITy Iy MUKJIIUHNX HaBaH-
TaXeHb Ha CAMOOPTaHi30BaHi 3HOCOCTiMKiI MOKPUTTS Ta IEPEINKOAKAE
MacoIlepeHOoCy MeTaJly MisK TijJlaMHu, 1[0 TPYThCcA. 3aBAaxu rbomy MOP
«AxKBOJI-15I1» i «CiHTan-2» HiABUIYIOTH 3HOCOCTIMKiCTEL ITapu TEPTA B
4 i 5 pasiB BigmoBigHO. A KoedillieHT TepTa 3MEeHIIIYEThCA IPUOIU3HO Y
2 pasu. BogHouac camoopraHizoBaHi 3HOCOCTiHKi TOKPUTTS KOKHOTO 3
TiJ pobouoi mapu (POPMYIOTHCS MIEPEBAXKHO 3 MATEPisday JAHOr0 Tija, 1[0
POOUTE iXHi 3HOC GiIbII PiBHOMipHIM.

Hacuuennsa moBepxHeBux 1mapiB Teprsa aromamu Cyab@ypy 3a 3acTo-
cyBaHHA MOP «AKBoJ-15I1» BUKJINKae MOSABY HA OKPEeMUX TiJSHKAaX
MeK 3epeH APiOHOAMCIEePCHUX BKJIIOUEHD cyabdigiB @epymy (FeS). Ile
OOHMIKYE CTiHKiCTh CaMOOPTaHi30BAaHUX 3HOCOCTIMKUX IOKPUTTIB MO
PYHHYBaHHS B yMOBAX IUKJIIUHMX TepPMOMEXaHIYHWMX HaBaHTaKeHb,
10 30iJIbIIIye 3HOC KPHUIlh i pobuTh 3acTrocyBamusa mamoi MOP meHIm
eeKTUBHUM.

OHUTOBAHA JIITEPATYPA
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®di3zuko-xeMiuHi yMOBH IIpoiecy AU y3iltHOro XpoMOCHIi i FOBAHHS
BYIJIELIEBUX KPHUIIb B CEPEIOBUIILI XJIOPY

1. C. ITorpe6osa, K. B. fIumesnua”

Hauyionanvnuil mexnivHuil yrieepcumem Ykpainu
«Kuiscvruil norimexnivnuil incmumym imeni Izops Cikopcvkozo»,
npocn. Bepecmeiicvruil, 37,
03056 Kuis, Yrkpaina
‘Themumym eaexmpossaprwsannsin. €. 0. [Tamona HAH Ykpainu,
eyn. Kasumupa Manesuua, 11,
03150 Kuis, Ykpaina

B po60Ti 3 BUKOPUCTAHHAM MaKeTy IPUKIAIHIUX IporpaMm 3 06a3010 TepMOINHA-
MiUYHEX OaHUX OyJIO IIPOBEIEHO TEOPETHUUHY aHAJi3y (isMKO-XeMiuyHHUX YMOB
KOMILJIEKCHOTO HacUUeHHA ByTJreIeBoi Kpuii Cuminiem i XpomoM y cepeoBUIIT
XJIOPY B 3aKPUTOMY PEaKI[iTHOMY IIPOCTOPI 3a MOHMKEHOTO THUCKY Ia30Boi (pasu.
Hacuuennsa kpuii 40 Xpomom i Cuiittiem B atmocgepi XJI0py IPOBOAUIN IPO-
Tarom 6 roguH 3a remnepatypu v 1323 K i Tucky y 102 I1a. PeHTr'eHOCTPYKTY -
HUMHU TOCHiIMKEeHHAMU BCTAHOBJIEHO, IO 3a NPUMHATUX YMOB HACUYEHHS HA
moBepxHi Kputli 40 yTBoprooThea audysitinuii map Tosimao0 y 100-110 MM,
1o BigmoBimae dasi BizmoBigaux Kap6iniB Xpomy Crz23Cs i CriCs, meroBanux Cu-
JittieM, i TBepauii posunH Xpomy i Cuiirito B a-3amisi. [IpoBemeni B poboTi Ko-
PpoBifiHi mocCHim:KeHHs IMOoKasalu, IO XPOMOCUIINMUIHI MOKPUTTSA, HaHEeCeHI Ha
ByruerneBy Kpuitio 40, menin cTifiki y posumaax 10% -cossizol Ta cyabdhaTHOL
KUCJIOT, & HafblIbII CTifiKi — y pO3YMHAaX HiTPATHOI KMCIOTHU.
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Xpomy, (pasoBuii cKIaI, KOPO3isd.

The package of the applied programs with base of the thermodynamic data is
used and the theoretical analysis of physical and chemical conditions of com-
plex-saturation carbon steel by silicon and chrome in medium of chlorine in
the closed reactionary space is carried out at the lowered pressure of a gas
phase. Simultaneous saturation of steel 40 with chrome and silicon in chlo-
rine atmosphere for 6 hours at a temperature of 1323 K and a pressure of
102 Pa of the gas phase is carried out in this work. By means of the x-ray dif-
fraction studies, it is found that, under the assumed conditions of saturation
on the steel 40 surface, diffusion layer with thickness of 100—-110 um is
formed, which corresponds to the phase of the corresponding chromium car-
bides Cr23Cs and Cr7Cs doped with silicon, and a solid solution of chromium
and silicon in a-iron. The corrosion studies carried out in this work show that
chromosilicide coatings applied onto carbon steel 40 are less stable in solu-
tions of 10% hydrochloric and sulphuric acids, and the most stable in solu-
tions of nitric acid.

Key words: thermodynamics, condensed phase, gas phase, chromium car-
bides, phase composition, corrosion.

(Ompumano 6 swoemusa 2023 p.; ocmamoun. eapisnm — 17 aucmonada 2023 p.)

1. BCTYII

CyuacHe BUPOOHUIITBO BUCYBA€ 3HAUHI BUMOIH A0 30iJbIIIeHHS pecypcy
poboTu meTasiB MalllnH, iIHCTPYMEHTIB i OCHAaCTKU Ta 3aXMUCTY iX Big Ko-
posiitHuMX BTpaT mmig uyac excruryararii [1-5]. Oguum i3 Bimomux croco-
0iB migBUINIEHHSA 3aXMCHUX BJIACTUBOCTEH JeTAJiB i3 KPUILb € HaHeCeHHA
3aXVCHUX IIOKPUTTIiB.

Ha remnepimHiit yac BUKOPUCTOBYIOTH BEJIMKY KiJIbKiCTh METO/iB Ha-
HEeCeHHs Ha BUPOOHM PiZHOMAHITHMX 3aXMCHUX HMOKPUTTIB: AeTOHAIlili-
HUX, IIJIA3MOBUX, €JIEKTPOAYroBux, audysiitHux Toiro. KoxeHn 3 HuUX
3abesmeuye omep:;KaHHS IOKPHUTTIB, AKi BiApisHAIOTHCA 3a CKJIAAOM,
CTPYKTYPOIO, 3aXMCHUMU BJIACTUBOCTAMU.

Teopia Ta mpakTuKa cBiguaTh, 1[0 B 6araThoX BUMAIKAX CTBOPEHHS
3axucHUX MuQpys3iiHNX TOKPUTTIB HA BUP0OOAX — He TiJbKU e(EeKTUB-
HUH, ajie i eIMHNNA MOXKJINBUIN MeTO ], HiABUINeHHA IXHiX BJIaCTHBOCTEI.
Benuke sHauenHsa y BUPIMIeHH] I[iel 3aadi MOKYTh MaTH IIPOIIECU XE-
MiuHO-TepMiuHOrO 00pOOJEeHHS, IO I'PYHTYIOTHCS Ha KOMILJIEKCHOMY
Hacu4YeHHi BUPOOiB KisbKoMa eemenTamu [1—4].

Hacuuenua Xpomowm i Cuminiem gae MoKauBicTh (hopMyBaTH Ha II0-
BEPXHIi BYIJIeI[eBUX KPUIbL IBOKOMIIOHEHTHI ITapu, SKi MaloOTh IIiIBU-
IIeHi 3aX1CHi BJIACTHUBOCTI IIOPiBHSIHO 3 OAHOKOMIIOHEHTHUMH CUJIiIHI-
HUMU Ta XPOMOBaHUMHU NOKpUTTAMU [1, 2]. [[BOKOMIIOHEHTHE HACUYEH-
HA KPUILh Ja€ 3MOTY MOETHATH B KOMIIJIEKCHUX MOKPUTTAX IMO3SUTHUBHI
AKOCTi IIOKPUTTIB IIicJA OJHOKOMIIOHEHTHOIO HACHUYEHHS, OJepsKaTu



@®I3UKO-XEMIYHI YMOBMU ITPOITECY MU ®Y3IMHOTO XPOMOCUJIIIITIOBAHHS 191

IuQys3ifiHi 1mapu 3 AKiCHO HOBOIO CTPYKTYPOIO, a TAKOXK HiABUITUTH
OIBUAKiCTE Imporecy. TaKuM YMHOM, BCTAHOBJIEHHSA 3aKOHOMIiPHOCTEH
dopMyBaHHA PeaKI[iiHOrO IIPOCTOPY IIif yac audysiiHOro HacCUUYEeHHA
Kpuilb XpoMmoM i Cuirimiem B cepegoBHUIIl XJIOPY YMOMKJIUBUTL KOPEKTHO
OigifiTy o Po3pOo0KM HOBUX CKJIALIB i CIIOCO0iB 3a XeMiuHO-TepMidHOTO
00po0JIeHHs, IIPOTHO3YBATH (PA30BUIl CKJIAL i BIACTUBOCTI MOKPUTTIiB.
MeToio po6oTu 0y10 BU3HAUEHHA (Pi3UKO-XeMiUYHUX YMOB AUQPY3iHHOTO
HaCHUYeHHs ByTJIeIleBUX Kpuilh CuiimieM i XpoMoM y cepemoBHUII[i XJI0-
Py I eKcmepuMeHTAJIbHE IiATBEepIKeHHA PalliOHAJBHOTO PEKUMY iX-
HBOT'O OJIePsKaHHA I'a30BUM METOJOM Y CEePeIOBUIII XJIOPY, & TAKOK JOC-
JigMKeHHd IXHiX GisuKo-xeMiuHMUX BiacTuBOCTE [4].

2. METOOJUKA EKCITEPUMEHTY

B ocHOBY 3ampomnonoBaHoro Mmerony audysiifHol merasisaiii moKJIageHo
mepedir reTeporeHHNX TPAHCIOPTHUX XeMiuHMX peakiiiii. B axkocTi Bu-
XiTHUX peareHTiB BUKOPUCTOBYBAJIM IIOPOIIKY XPOMYy Ta (epocuiiriro,
a Taxkox uotupoxJgopuctuii Kapoon. Ilig uac HacuueHHs IOBEPXHI KPU-
IIi TOPOIIKM XpoMy Ta (PepPoCcuJIiniro pearymoTs i3 XJI0pom, 10 YTBOPIO-
€TheA Ipu aucoriamii vorupoxyopuctroro Kapoouy [4]. Ocrannui mona-
IaloOTh y 30HY 3 iHIMMMU YMOBAaMU PiBHOBAru, Je BCTYIIAIOTh V PeaKIrii 3
BUOIJIEHHAM Ha IIOBEPXHi, IO 00POOJIIOETHCA, OSHOTO UM T'PYHU MeTa-
aiB. IIpomec macuuenHsa nmosepxHi Kpuiri 40 Cuaimiem i Xpomom mpoBo-
IV B TepPMETUYHiN MeTaseBiit kamepi (peTopTi) Ha 6a3i maxTHOI meui
CIIIOJI 1.1.6/12. IIpormec augpysifiHOro HaCUYEeHHA peaidyBaBCs B OfI-
HOMY TeXHOJIOTiuHOMY IIMKJIi O6e3 po3repmerusallii kamepu. B KoHCTpPY-
KI[ii pobouoi KaMepu IIiJ yac HaHEeCEeHHS XPOMOCUJIIIIUIHOTO MIOKPUTTS
BIepIe OyJIO 3aCTOCOBAHO PeaKIliiiHmil cTakaH 3 rpadiToBum gHOM [6],
10 JAJIO MOYKJIMBIiCTh IIi IBUIITUTH aKTUBHICTH ra3oBoi (pa3u Ta IPUIIIBU-
JIMUTH IIpolec (hopMyBaHHSA (P y3iHHUX ITaPiB.

Jda BusHayeHHA PiBHOBAKHOT'O CKJIAAY 130Jb0BAaHOI CHCTEMU BUKO-
pucTas M METOAUKY aHAJI3W TEPMOAUHAMIUHOI piBHOBAru MiK pisHUMU
CKJIAIOBUMH, IO I'PYHTYETHCA Ha HACJAiJKaX APYIroro 3aKOHY TEePMOIH-
"HaMmiku [ 7]. PiBHOBary ominoBasau B inTepBayi remmneparyp 300—-1500 K
ILJIST CUCTEM, Y CKJIaJ SIKUX BXOAWJIU HacuuyBaiabHi Metanau (Xpom, Cu-
gimiit), Xmaop, Kapbon — ak Buximui kommonenTu, Oxcuren. Tuck B cu-
CTeMi YIIPOJOBIK BCHOT'O Uacy HACHMUYEHHS BBAKaJM HE3BMiHHUM. Y PO3-
paxyHkKax THCK 3aJaBajy B MeyKax, IO 3yMOBJIEHI MOKJIUBOCTAMU Me-
Toxy, — 10%i 102 ITa. [Iyia Bu3HAYEeHHA PiBHOBAMKHOTO CKJIAAY BPAXOBY-
BaJIX MOKJIMBICTH IPHCYTHOCTH B PeaKIiHHOMY IIPOCTOPi B rasoBii i
KoHAeHcOBaHiN (aszax 0O6ima 500 peuoBumH. BuxopmcToByOUM IakKeT
npukaaguux mporpam «ASTRA CHEQC» i «HSC 5,0» 3 6a30i0 TepMmo-
IVHAMIUYHUX TaHUX, 10 YMOKJIMBIIIOE IPOBOAUTH IIOIIYK CHUCTEM 3 Ma-
KCHMYMOM €HTPOHii piBHOBa’KHOTO CTaHy 3aKPUTUX CUCTEM, TEOPETHY-
HO PO3Pax0BaHO pallioHAJbHUI CKJIAL Ira30BOi Ta KOHAeHCOBAaHOI (has.
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3a IBOKOMIIOHEHTHOT'O HAaCUYEHHS PeakIliiiie cepemoBHUIIEe 3 TOUKHU
30Ppy MOXKJIMBOCTH IIepebiry mpoliecy Ma€ BiAIOBimaTy HACTYIHUM BU-
MoraM: IapIlisiIbHUN THUCK XJOPUAiB HACUUYBAJILHUX METATIIB Mae 6yTu
JOCTaTHbO BUCOKMUM; cepel KOHAEHCOBAaHUX (pa3 MPUCYTHI peyoBUHU,
AK1 BiIIOBiatoTh TUITY IIOKPUTTS, 1[0 HAHOCATD; y I'a30Biit (pasi MaroTh
OyTU IPUCYTHIMH XJIOPUAN HACUUYBAJILHUX METaJiB Pi3HOI BaJeHTHOC-
TH, IIT0 POOUTEH BipoTiZHUM Iepebir 3BOPOTHIX TPAHCHOPTHUX PeaKIliil;
BMiCT y ra3oBiil i KOHIZeHCOBaHiN (pasax B iHTepBaJIi TeMIIepaTyp HacH-
yenHA (1173-1273 K) 6asacTHMUX i MIKiIIMBUX PEUOBUH, M0 ITOHUKY-
I0OTh AaKTUBHICTH Ia30BOi (pa3u Ta MOTipINYIOTH BJIACTUBOCTI MOKPUTTIB,
mae OyTu minimasabuauM [8].

B axocTi 00’eKTiB mocraigiKenHsa Oyao oOpamo ByrJeneBy kpuiio 40.
Hacuuenusa npoBoAMIM ra30BUM METOIOM 34 3aPOIIOHOBAHOIO TEXHO-
Jorieto 3a remneparypu y 1323 K i uacy Burpumikn y 6 roguu [6, 8]. Mi-
KPOTBEP/iCTh i TOBIIUHY MOKPUTTIB BusHaua u Ha npuiani IIMT-3. Ho-
CJIiMKeHHsS MiKPOCTPYKTYPH HOKPUTTIB IIPOBOAUIIN HA ONTUYHOMY MiK-
pockoiti Neophot 21. PeHTreHOCTPYKTYPHY aHAJII3y IPOBOAMIN HA yCTAa-
HoBIIi JIPOH-3-M y mounoxpomaruuaomMy CuK,-Bunpominensi. Oxep:xani
pesyabTaTu 00p00JIaan 3a formomoroo nporpamu PowderCell 2.2,

3. EKCIIEPUMEHTAJIbHI PE3YJbTATH TA OBTOBOPEHHA X

Anajiza TepMoAMHaAMiIUHIX PO3PAXYHKIB, AKi Oysu mpoBemeHi B poOoTi,
Iajia MOYKJIMBiCTh BUBHAUUTU HACTYIIHI yMOBHY (hOPMYyBaHHA Ha IOBEPX-
Hi KpUIIi TOKPUTTIB HA OCHOBiL XpOMY Ta CHUJIIIiI0 B C€PEeIOBUIIIL XJIOPY.
Pospaxynkamu 0yJsi0 moKasaHo, a IMOTIM IIiATBEPIAKEHO eKCIIEpUMEHTAa-
JIbHO, BILIUB BMicTy XJI0pYy B cCUCTeMi Ha CKJIaJ ra3oBoi ()asu, a TAKOXK

TABJINIA 1. PospaxyHKU PiBHOBasKHOTO CKJIaJy PEaKI[ifHOTO cepeZOBUIIA
3a XPOMOCHUJIiITiIOBAHHS.

TABLE 1. Calculations of the equilibrium composition of the reaction medi-
um during chromosiliconizing.

CrJaz peaKIiiiiHOTO cepeJoBUIINA

Ne Ckiajg cucTeMu, MOJIb
T'azoBa (hasa Koumexcosana gasa
Si, SiCls, SiCls, SiCls,
1 Si—Cr-Cl: 2,5, 2,5, 1 SiCl, Cr, CrCl,CrClz, CrSi, CrsSis
CrCls

Clz, SiCly, SiCls, SiCle,
2 Si-Cr-CI-C: 0,5, 4,5, 2,0,1,0 SiCl, Cr, CrCl, CrCl: Cr:Cs, CrsSi, CraSis
CrCls,

SiCls, SiCls, SiCle, SiCl,

3 Si-Cr-Cl-C: 3,5, 5,0, 2,0, 1,0 CrCls, CrCls, CrCl

Cr+Cs, SiC




@®I3UKO-XEMIYHI YMOBMU ITPOITECY MU @Y 3IFTHOT'O XPOMOCUJIIIIIFOBAHHS 193

Ha TeMIlepaTypHuil iHTepBasa icHyBaHHA Kapbimnux ¢as. Tak, ocHOB-
HUMU KOMIIOHEeHTaMu ra3oBoi ¢asu cuctemu 1 (Tabda. 1) 3a Temmeparyp
1000-1500 K e xmopuau Cuiimito Ta XpoMmy Ta iXHi aToMapHi cCIOIyKHU.
Cepen KOHIeHCOBaHUX (pas i3 TaKMUM CIIiBBiITHOIIIEHHAM peareHTiB (op-
MYIOTBLCA CHIiIUAN XpPOMY.

Iz smenmienuam smicty Cuiinito Ta 36inbieHEaM BMicTy Xpomy (cu-
creMa 2, Tabia. 1) sHuKae 3 rasoBoi pasu Cuiimiii; HaToMicTs BigOyBa-
€ThcA yTBOpeHHA XpoMmy Ta MoJseKya XJiopy. Cepen KOHIEHCOBAHUX
das, kpim curinuais Xpomy, BCTAHOBJIEHO IIPUCYTHiCTh Kapoigy Xpo-
my. ¥ cuctemi 3 (TabJ. 1, puc. 1) , Aka Bigmosigae HaMOiabIII BICOKOMY
BMicTy XpoMmy, Yy BUXigHi cyMminri BigcyTHIi# Bike Xpom Ta aToMu XJIO-
py. Ile moB’sa3ate 3 yTBOPEHHAM BiITIOBiTHUX XJIOPUAiB ¥ Ta30Bii dasi.

3 oryIsAAy Ha Te, 1[0 BKa3aHi XJ0OPUAY MAlOTh Pi3Hi 3HAUEHHS IIUTOMOIL
TYCTUHU Ta OPYKHOCTHU HapiB, y peakItiiiniii kamepi BimbyBaeThCA moC-
TifiHa nudysia ix i B3aemHe nmepeminryBanaAa. BogHouac MixK xjgopuma-
mu Cuiinito Ta xaopuzamMu XpoMy MO:Ke BCTAHOBJIOBATHCS PiBHOBara

3,0
/4 -
1,0 -
3
A,
2
-1,0
N‘
2 1/
6
-3,0 ’—_//
Z 5
Sl L]
600 900 1200 1500

T, R

Puc. 1. PiBuoBaxxkuuii ckaayg cucremu Si—Cr—Cl-C: 3,5, 5,0, 2,0, 1,0 (moxas),
P =102TIla, rasosa ¢asa, 1 — SiClz, 2 — SiCls, 3 — SiCl4, 4 — SiCl, 5§ — CrCls,
6 — CrCls.

Fig. 1. Equilibrium composition of the system Si—Cr-CI-C: 3.5, 5.0, 2.0, 1.0
(mole), P =102 Pa, gas phase, I —SiClz, 2—SiCls, 3—SiCls, 4—SiCl, 5—CrClz,
6—CrCls.
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TABJINIIA 2. ®azoBuii ckaag MOKPUTTIB HA Kpulli 40, ogepkaHUX 3a OTHOUA-
cHOro HacuueHHA XpomoM Ta CuiimieM B O4HOMY T€XHOJOTiUHOMY ITUKJIL (Iig
KapOiAHOIO B30HOIO PO3TAIIIOBAHO IIap TBEPAOTro po3unHy Xpomy Ta Cuiiiiioo B
a-3aiisi ToBumHOI y 90 MKM).

TABLE 2. Phase composition of the coatings on steel 40 produced by sequen-
tial chromium and silicon deposition in one technological cycle (under the car-
bide zone, there is a layer of a solid solution of Cr and Si in a-iron with a
thickness of 90 um).

TosmuHaa MikpoTBepAiCTb,

Pa30BUA CKJIAL IOKPUTTS
A p HOKPUTTS, MKM I'lla

EKcrepuMeHTaAbHUH
CKJIaJ

Cr:Cs,
Cr23Cs

PospaxyHKOBHI cCKIa]

Cr:Cs 20 19,5

Bigmosimmo mo takoi peakriii: 2CrCl; —» CrClz+ CrCl, [5]. IIix uac B3ae-
MOZil BKazaHUX XJIOPUAIB i3 PepyMoM KPHUI[L MOKJINBI TAKOK peaxiil
0OMiHHOIO THUITY, BHACJTIIOK IKUX HA il MOBEePXHi OyAYTh YTBOPIOBATUCS
akTuBHi aromu Curinito Ta Xpomy. Ocranui, agcopOyiounch Ha IIOBeP-
XHi Kputti, 0yayTbh IudyHayBaTu Briaub MeTany, YTBOPIOIOUM CIIOUATKY
TBepAi posumHu Xpomy Ta Cuiaimiio B 3amisi, a morim i Kapbigui dasu
Crzgcﬁ, CI'7C3 [9]

BiamosigHicTh po3paxyHKOBUX pe3yJbTaTiB pealbHUM yMOBAM X€Mi-
YHO-TEPMiUuHOr0o 00p00JEeHHA KPHUILH ITiITBEPAKEHO eKCIIepUMEeHTalbHO.
PesynbpraTi peHTIreHOCTPYKTYPHOI'O, MeTajaorpa)iuHOro Ta IIOPOMET-
PHUYHOIO JOCTiIMKeHb X POMOCUIIUAHNX IOKPUTTIB HaBeIeHOo B Ta0I. 2.

Bceranosieno, 1o audysifini mOKpuUTTA 3a yuacTio Xpomy Ta Curi-
mito, HaHeceHi Ha moBepxHIO Kpurli 40, 3rigHO 3 TAHUMU MiKPOCTPYKTY-
pHOI aHaxisu (puc. 2), CKJIAmaOTLCA 3 ABOX 30H: 30BHIITHBOI, AKA Mic-
T™uTh Kapbigum Xpomy Crq3Ces, Cr:Cs (mepeBaskuo Cr;Cs), Ta BHyTPilIHBOI
— (80-90)-1075 M, mo npeacrasiase coboio TBepauil posduny Cuiimniro Ta
Xpomy y a-3amidi. Ogepskani HaMu AudysifiHi XxpoMoCHMIiUAHI ITOK-
PUTTS BiApisHAIOTHCS Bifl ofep:KaHUX i1HIITUMU aBTOpPaMu, ae nudysii-
HUU I1ap MOKPUTTIB CKIagaeTheA 3 cuirinuais Xpomy [1, 9]. 3araabua
TOBIIIMHA IIOKPHUTTIB, OePKaHnX KOMILJIEKCHIM XPOMOCHIIiITiI0BAHHAM
kputi 40, cramoButh 100,0-110,0 mxm [10]. MikpopeHTI'eHOCIIEKTpAa-
JIbHOIO aHAaJIi30l0 BCTAHOBJIEHO, IO V 30BHIMIHiN 30HI MOKPUTTS HaA OC-
HOBi Kapb6iziB Xpomy micTuThesa no 53,86 at.% Xpomy; Kpim Toro, B Hilt
PO3SUYMHAETHCA HeBeJanKa KiapkicTs Cuaimiro (o 0,19 aT.% ) Ta @epymy
(mo 16,73 ar.% ). Besnocepequbo Imig KapOiHOIO 30HOI0 PO3TAIIIOBAHA
¢daza TBepmoro posunny Cuiimiio Ta Xpomy y o.-3airisi i3 BMmicTom Xpomy
y 10,87-5,55 ar.% Ta Cunimniro y 8,45-4,12 ar.% .

PesyabraTy peHTI'€HOCTPYKTYPHOI aHANI3M XPOMOCUIIMUIHUX ITOK-
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Puc. 2. MikpocTpyKTypa moBepxHeBoro mapy kpuri 40 nicaa xpomocuriiizo-
BauHa: T=1050°C, t =4 rox.

Fig. 2. Microstructure of the steel40 coating after chromosiliconizing:
T=1050°C, t =4 hours.

purrtiB (puc. 3) Ha Kpuiii 40 migTBepANIN, 110 HA ITOBEPXHi POpMyeTHCA
KapOigamit map Ha ocHoBi Xpomy (CrasCs, CrrCs) Ta 1map TBepaoro pos-
yunry Xpomy Ta Cuiitiio B a-3aiisi (a-Fe(Cr, Si)).

Y pobori 6yJi0 JociiasKeHo KoposiiiHi BiactTuBocTi kpuili 40 y Buxiz-
HOMY CTaHi Ta XPOMOCHWJIiIifl0BaHOI B Pi3HMX arpeCcUBHUX CePeIOBU-
mrax. BunpobyBanHA IPOBOAMIN 3a KiMHATHOI TeMIlepaTypu B yMOBax
OpUPOAHBOI aeparrii.

Hamu Oys10 BcTaHOBJIEHO, IO XPOMOCHJIIMUAHI MOKPUTTS HATMEHIII
CTi#iKi y po3umHaX XJIOPUIAHOI Ta CyJabMaTHOI KUCIOT, a OiJbII CTilKi ¥
posumHax (pochopHOI, JUMOHHOI, OI[TOBOI KMCJIOT, Y TEXHIUHIiNA BOAL i1 ¥
3% -posumHi NaCl Ta MaOTh BUCOKY KOPO3ifiHY CTiMKicTh y po3umHax
HiTpaTtHOI Kucaotu. OmepsKaHi XPOMOCHIIIMUAHI IMOKPUTTSA IIiABHUIIY-
10TH cTitikicTs Kpuiti 40 B 15% -posuwnni xaopuauoi Ta 15% -posuuHi cy-
abharHoi Kucaor y 2,5 Ta 2,3 pasu, B 15% -posuudi pochopHoi KucIOTH
— B 8,0-10,0 pasis, y posuuni 15% -omrosoi kucaoru — B 9,0—-11,0 pa-
3iB, v 5% -po3umnui jgumoHHOI Kuciaoru — B 7,0-9,0 pasis, y 3%-
posunHi xa0opuny Harpito — B 4,0—6,5 pasu, y TexHiuHi# Bogi — B 5,7—
6,8 paziB. Hait6inblry KOpo3ifiny cTifiKicTh nu@)y3iiiHi TOKPUTTSA BUAB-
JISTIOTH Y PO3UMHAX HiTPATHOI KUCJOTHU, a 3i 30iJIbIIIeHHAM 11 KOHIIEHT-
panii crifikicTs 36inbiyerses: 3 30,0 pasiB y 10% -posunni HiTpaTHOI
kucioru tay 800,0 pasiB y 25% -posunHi HiTpaTHOI KHCJIOTH.
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Puc. 3. fudpaxrorpama noBepxHi Kpuiii 40 micia XxpoMocuIinioBaHHs.

Fig. 3. The diffraction pattern of the surface of steel 40 after chromosiliconiz-
ing.

4. BUICHOBRH

IIpoBenena TrepMoguHaMiuHa aHaJiza cucTeMu 3a yuacTio Xpomy, Curi-
mito, Xmopy, Kapoony gaja 3Mory BUSHAUUTH IPUHITUIIOBY MOYKJIUBICTh
mepeHeceHHA HACUUYBAJbHUX MeTaJIiB 10 00p0o0II0BaHOI ITOBEPXHI B 3a-
KPUTOMY peaKI[ilfHOMY IIPOCTOPi 3a MOHUKEHOT0 THUCKY, a TAKOXK BCTa-
HOBUTH MOKJIUBUH (DA30BUI CKJIA X POMOCHIIMUIHIX IIOKPUTTIB.

Bcranosiieno, 1110 3a TpUAHATHUX YMOB BeJIEHHS IIPOIECY X POMOCHIII-
IiIOBAHHS 3aIIPOIOHOBAHNM T'a30BMM METOAOM Ha HoBepxXHi Kpwuiii 40
dopmyeTbea nudys3iiHUNA m1ap, AKUNA CKJIATAETHCA 3 IBOX 30H: 30BHIII-
HBOI Ha ocHOBi KapbimiB xpomy CrasCs, Cr:C; Ta BHYTPiIIHLOI HA OCHOBI
TBepAoro posunHy Xpomy Ta Cuiirito B a-Fe.

IIpoBenmeni B poboTi KOpoO3ifiHi mOCIig:KeHHs IIOKasayi, [0 XPOMO-
CUIIIIIUIHI IIOKPUTTS, HaHeceHi Ha ByrJyeneBy Kpuilio 40, MeHIII cTifiKi y
10% -posumHax coJIAHOI Ta cyJab(PaTHOI KMCJIOT, a HANOiJbIII CTiliKi —
posumHax HiTpaTHOI Kucaoru. Oxep:kaHi B poOOTi pesysabTaTu Jaau
3MOT'y 3POOMTH BUCHOBOK IIPO MOMKJMWBICTL ofepskKaHHsa Ha Kpwuili40
YIOCKOHAJIEHUM Ta30BUM CIIocO60M Mupy3iiiHMX MOKPUTTIB Ha OCHOBIi
Xpomy Ta CHIIiIlifo 3 BUCOKOIO MiKPOTBEPAiCTIO Ta KOPO3ilfHOIO CTiliKic-
TIO i YMOXKJIMBJIIIOIOTH PEKOMEHIYBATH 1X AJIs POOOTH B YMOBaX BILIUBY
arpeCUBHUX TEXHOJOTIYHUX CEPETOBUIII.
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