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Abstract. The paper investigates novel steel compositions, alloyed with Cr, Ni, and V, exhibiting improved damping prop-
erties. Additionally, it proposes a surface coating method to further enhance damping capabilities. Furthermore, the study pre-
sents findings on structure and phase formation processes in (TiN)-Cu coatings, deposited via vacuum-arc deposition on EO5
steels substrates. The coating fracture exhibits signs of ductile fracture, accompanied by the formation of fibrous-banded pits
on the fracture surface. Scratch tests reveal shear stresses are presumed to be the primary cause of delamination. With in-
creased load, coatings primarily fail along the scratch edge, indicating significant involvement of compressive and tensile
stresses. This behavior is attributed to the nanocomposite structure, which hinders crack propagation and allows to maintain
ductility. TEM analysis reveals a nanocomposite structure, with electron diffraction confirming the presence of titanium nitride
8-TiN crystallites. No crystallographic texture is observed in the coatings. The coatings significantly influence the internal
friction amplitude dependence characteristics. The intricate microstructure, including and internal interfaces, contributes to
complex damping properties. Additional damping mechanisms occur at grain interfaces and at the coating-substrate bounda-
ry.Further damping mechanisms are incorporated at the interfaces of individual grains and particles and at the interphase inter-
action boundary in the coating-base system, in addition to the internal damping mechanisms that occur in the coating itself and

the substrate independently.
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1. Introduction

The strategic development of mechanical engineering, as-
sociated with technical rearmament, increased labor produc-
tivity, and the quality of machine part processing, is largely
determined by the implementation of technologies based on
automatic lines and flexible manufacturing systems, the relia-
bility of which is conditioned by increased requirements for
cutting tools in terms of strength, wear resistance, economic
indicators, and the significant role of mechanical noise of
impact origin. Noise and vibration in production are harmful
and dangerous factors that negatively affect human health. It
should be noted that these factors can confidently be called
relatives, since they all have a mechanical oscillatory nature
of origin. Diseases of the auditory organs (heurosensory hear-
ing loss), musculoskeletal system (vestibular syndrome, poly-
neuropathy of the upper and lower limbs), cardiovascular
system (angiodystonic syndrome) can be caused by prolonged
work under the influence of vibroacoustic factors with levels
exceeding hygiene standards for workplaces. Occupational
diseases related to vibroacoustics account for more than 53%
of professional disability losses worldwide. To reduce the
noise level at its source, it is necessary to replace impact pro-
cesses with non-impact ones, replace metallic materials with
non-metallic ones, and a number of other methods that effec-
tively combat noise levels [1-8].
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The damping capacity of metallic materials is character-
ized by a combination of acoustic and physico-mechanical
characteristics, such as sound pressure level, sound attenuation
rate, internal friction, specific electrical resistance, density,
shear modulus, and Young's modulus, as well as a humber of
metallographic features. In the present study, a series of exper-
iments aimed at establishing the relationships between struc-
turally sensitive factors and microstructure with the optimiza-
tion parameter - the sound level of structural low-alloy steels,
the composition of which was determined by the experiment
design matrix, were conducted. The selection of nickel, chro-
mium, and vanadium as alloying elements in iron-carbon al-
loys is explained as follows. As the analysis of works [9-12]
showed, alloys with enhanced damping properties contained
chromium, nickel, and vanadium as alloying elements. It
should be noted that nickel is one of the most abundant ele-
ments on Earth (0.09%) and is widely used in iron-based al-
loys with high damping properties. Nickel additions from 2%
to 4% also affect the damping properties of alloys.

The choice of chromium as an alloying element is ex-
plained by its wide application in high-damping alloys.
Chromium additions to other metals significantly alter their
properties and create opportunities for obtaining a wide range
of valuable materials. By slightly strengthening ferrite,
chromium does not decrease its viscosity, and it is known to
be present in more than 3.000 steels and alloys [13].
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Vanadium belongs to the elements that are constantly
present in steels, and it significantly influences the composi-
tion and character of non-metallic inclusions.

In the development of high-damping alloys, one of the
main criteria is the unacceptable significant reduction in
strength properties. Therefore, one of the reasons for choos-
ing chromium, manganese, and vanadium as alloying ele-
ments in iron-carbon alloys was that among the main alloy-
ing elements (most commonly used), these elements more
strongly strengthen ferrite than others [14].

When using alloying elements in high-damping alloys,
reducing the noise level can be achieved in the case of ob-
taining a real research result because different classes of
materials absorb sound energy of vibrations differently, de-
pending on external factors such as the structure component
ratio, type of technological processing, etc. Information that
the chemical composition of alloys affects damping proper-
ties enables the development of compositions from low-alloy
steels with high damping properties. In research on noise and
vibration reduction during the collision of mechanism parts,
noise level reduction is achieved by changing the chemical
composition, type of heat treatment, increasing the mass of
colliding bodies, and the duration of body collision. Howev-
er, the surface of metallic materials is rarely changed [15].

The damping ability of the metallic matrix depends on
the presence of microplastic deformation in its structure,
which is associated with its structure and mechanical pa-
rameters. Maximum damping occurs when the structure is
ferritic, while minimum damping is provided by a pearlitic
structure. A mixed structure exhibits intermediate properties.
A mixture of ferrite with troostite demonstrates inferior qual-
ities compared to pearlitic, attributed to the presence of fer-
rite in its composition. Quenched steel with a martensitic
structure dampens more strongly than troostitic due to the
increased dislocation density and the appearance of residual
stresses at the ends of martensitic crystals.

The use of damping non-metallic materials is limited due
to their insufficient strength characteristics in most techno-
logical processes. Therefore, the question of creating iron-
based alloys with increased damping capacity through
changes in chemical composition and special heat treatment
is highly relevant. However, the modification of structural
materials by coating application is extremely rare.

Improving the operational characteristics of products by
applying standard types of coatings, such as chroming and
nitriding, has nearly exhausted its possibilities today, ne-
cessitating innovative approaches to improvement and the
development of a new generation of functional coatings
with increased resistance to destruction under conditions of
cyclic thermomechanical loads and aggressive environ-
ments. One direction in this work is the creation of
nanostructured coatings. Nanostructured materials with
high grain boundary area exhibit high viscosity and re-
sistance to initiation and propagation of "brittle" cracks,
enabling them to resist destruction for extended periods
under complex external conditions. The design of the new
generation of nanostructured composite coatings with a
high grain boundary area allows for the specification of a
complex of high physical and mechanical properties.

Nanostructured protective coatings applied to the surfaces
of mechanisms and assemblies extend the service life of
equipment. Therefore, the application of nanoparticle coat-

ings to products is an urgent task, which this work is dedicat-
ed to solving.

In industry, protective coatings are necessary to improve
the performance characteristics of components, namely to
increase their operational lifespan and reduce production
costs. When improving the surface properties of components,
their internal structure is not the determining factor. Labora-
tory research has shown that nanostructured coatings exhibit
phenomenal surface protective properties [16-18].

The transition from micro- to nanostructured coatings al-
lows for the enhancement of their properties due to changes
in the properties of the crystalline formation itself. This re-
sults in the formation of a branched structure of grain bound-
aries within the film, as the number of atoms inside and on
the surface of nanocrystals is equal, eliminating dislocations
and internal stresses. The distance between nanocrystals
equals the size of several monolayers, resulting in the quan-
tum interaction effect.

Among the methods for forming nanostructured coatings,
one of the promising approaches is the process of vacuum arc
ion plasma deposition, known in global practice as the arc-
PVD process.

Physical vapor deposition from the gas phase, or vacuum
deposition, is a group of methods for obtaining coatings
where the atomic flux of the deposited substance, created in
vacuum or as a result of atomization of the surface atoms of
the original material due to physical processes of material
evaporation, is formed by bombardment with accelerated
ions or neutral atoms.

The formation of the coating occurs as a result of a series
of complex physicochemical processes: conversion of the
initial deposited material into a flux of sputtered atoms;
propagation of the flux towards the deposition surface; colli-
sion of the flux with the surface, followed by subsequent
adsorption or desorption of atoms on it; surface diffusion of
atoms to preferred nucleation sites of the coating; migration,
coalescence, and growth of nuclei; coalescence of islands
into a continuous film, subsequent growth of the continuous
film, and formation of a coating of the required thickness.
Each of these stages can be characterized by a set of parame-
ters that ultimately determine the functional purpose of the
deposited coatings and their operational characteristics. The
fundamental diagram of the vacuum arc spraying method is
shown in figure below [19].

The advantages of the method include the following: high
coating growth rate (up to 1-1.5 um, depending on the
sprayed material and vacuum chamber configuration); the
ability to control the composition of the coating by simulta-
neously using multiple cathodes or a single multi-component
cathode; high adhesive strength of the coatings.

One of the most significant drawbacks of the method is
the presence of a droplet phase in the particle stream reach-
ing the surface of the products, which typically adversely
affects the film properties and limits the method's applica-
tion. This problem is addressed using arc filtration [20-21].

2. Materials and methods

For the investigations, samples of steel 20KhN (20XH),
20KhN4PhA (20XH4®A), 25Kh2NMPhA (25X2HM®A),
and samples of smelted steels EO3, EO4, EO5 were used as
the base. Metallic charge materials included scrap metal,
ferroalloys, waste from our own production, and iron-armco.
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The melting process utilized a crucible induction furnace by
Reltex. The arrangement scheme of the samples for the ex-
periment and the melting furnace is demonstrated in Figure
1. Purified titanium in the form of alloy VT1-0 with 99.5%
Ti content, copper in the form of alloy M3 with 99.5% Cu
content, and composite materials of the titanium-copper
system, developed using the powder metallurgy method,
were used as cathode materials. The saturation of the compo-
sites with the additional component (copper) was low.

1 - internal frictior
2 — electrical resisti

Figure 1. Scheme of cutting out the investigated samples

To implement the main aspects of forming multifunction-
al coatings, a special vacuum arc plasma spraying setup
«Bulaty NNW-6.6-13 (at the National University of Science
and Technology «MISIS», Moscow) was used on the work-
ing surfaces of the steel. The principle of operation of the
universal vacuum arc setup is provided. The resulting ceram-
ic-metal coatings TiN-Cu with crystallite size ranging from
10 to 100 nm were obtained using ion-plasma vacuum-arc
deposition.

The development stages of the ceramic-metal coatings on
the surfaces of the steel samples were as follows:

- preparatory;

- ion cleaning and heating;

- application of coatings;

- cooling of the products.

The principle of operation of the universal vacuum arc
setup is depicted in Figure 2.

The equipment performs the separation of neutral particles
into a micro droplet phase. This is achieved by deflecting
charged particles of the ion flow with a powerful magnetic
field. The separator can simultaneously serve as a plasma flow
accelerator, an electron source needed for thermal activation of
the tool, and a source of highly charged ions of gas (nitrogen)
for stimulated thermochemical treatment of the tool.

Based on the research of setups for studying acoustic
(sound level, sound pressure level) and vibration (vibration
acceleration level, overall vibration acceleration level) char-
acteristics of steels, a device for comprehensive study of
acoustic and vibration properties of plate and tubular steel
samples was applied with further modernization [23]. The
operation scheme of the setup is provided in Figure 3.

The impact ball 6 was installed on the inclined plane 5,
along which it rolled down and freely fell into the geometric
center of the plate sample 3. The impact ball 6 rebounds from
the plate sample and lands in the ball receiver 11.

Figure 2. Scheme of vacuum arc setup [22]: 1 - gas mixer; 2 -
vacuum meter; 3 - chamber of the setup; 4 - power source for the
accelerator-separator; 5 - temperature control system; 6 - vacuum
system; 7, 9 - arc evaporators; 8 - source of separated plasma; 10,
11 - evaporator cooling systems; 12, 13 - evaporator power
sources; 14 - rotary table for tool placement; 15 - heating and
cooling system of the chamber; 16 - source of pulsed bias voltage
for the tool

Figure 3. Device for comprehensive study of acoustic and vi-
bration properties of solid samples [23]: 1 - nylon threads; 2 -
frame; 3 - plate sample; 4 - frame stand; 5 - inclined plane; 6 -
impact ball; 7 - vibration sensor of the «Bruel&Kjer» sound level
meter; 8 - «Bruel&Kjer» sound level meter model 2204 with oc-
tave filter model 1613; 9 - oscilloscope C-18; 10 - weight; 11 - ball
receiver; 12 - «Octava 101A» sound level meter; 13 - frame
stands; 14 - microphone of the «Octava 101A» sound level meter;
15 - screw for mounting the impactor stand

Sound generated as a result of the impact between the
impact ball 6 and the sample 3 is recorded using the «Octa-
va-101A» sound level meter 12. The plate sample 3, when
vibrating in the nylon threads 1, causes vibration, which is
measured by the apparatus model 2204 by «Bruel&Kjer» 8.
The tension of the sample with nylon threads 1 remains sta-
ble because the weight 10 controls the tension force. The
height of the ball drop is adjusted by the screw for mounting
the impactor stand 15. The complex of mounting the sample
3 and the impact ball 6 is fixed on the frame 2, which is se-
cured by stands 13 at the required height above the floor.

To perform measurements, impact balls ShKh15 (I1IX15)
made of steel with diameters of 7 mm (1.40 g), 8 mm (2.09
g), 9 mm (2.97 g), and 11 mm (5.55 g) were utilized. The
investigation of steel plate samples (50x50x5 mm) was con-
ducted using the setup.
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The mass of the ball, the density of the sample, the dis-
tance from the impact point to the sample, and the thickness
of the sample are interrelated by the following equation:
m(4.6-p-1-h? (6)

where m is the mass of the plate sample (g),

p is the density of the material of the plate sample
(g/em’),

| is the distance from the impact point to the nearest edge
of the plate sample (cm),

h is the thickness of the plate sample (cm).

It is necessary for the width and length of the plate sam-
ple to exceed its thickness by 5 times. An experimental plate
with dimensions of 50x50x5 mm meets these criteria.

The investigation of sound pressure levels was conducted
in octave frequency bands ranging from 31.5 to 31500 Hz,
and vibration acceleration levels were measured in the same
frequency range. The sound level was adjusted according to
the «A» scale, while the overall vibration acceleration level
was adjusted according to the «Liny» characteristic. The use
of the sound generator ZG-10 (3I'-10) was necessary for
calibrating the sound signal studies. Corrections for changes
in the sound signal due to atmospheric pressure were made
using the pistonphone of the PF-101 model. The laboratory
maintained a constant air temperature and humidity. Acoustic
measurements were calculated as the arithmetic mean of five
measurements.

Mathematical processing of the experiment results and
identification of additional intervals were conducted accord-
ing to the methodology. Before commencing work, the
measurement setup was calibrated by verifying the sound
pressure levels of the reference sample.

The determination of the dissipative properties of steels
involved registering the sound impulse generated by the colli-
sion of the test sample with the striker using a recording oscil-
loscope. Subsequently, photographs were taken to identify
damping parameters, including the logarithmic decrement,
sound decay rate, relative scattering, and internal friction.

Figure 4 demonstrates a fixed photograph of the sound
impulse resulting from the collision of 20KhN (20XH) steel
samples.

T. CeK

Figure 4. Oscillogram of the sound impulse decay from the
collision of the 20KhN (20XH) steel sample and the impact ball

The logarithmic decrement of this alloy, 6, was deter-
mined using the following equation [24]:

1 Ay 1 74
§==In—=—In—=0.0134 (7)
n A 40 42

where Ay is the initial maximum amplitude of the sound
impulse,

An is the final minimum amplitude of the sound impulse,

n is the number of impulses on the oscilloscope screen.

10

The relative scattering, v, is calculated as follows:

w =26=2-0.0134 =0.028 (8)
Internal friction Q! was calculated using the following
relation [25]:

S _y 00134
3.14

T 2z

The time interval of the oscilloscope display is equal to
0.005 seconds. The interval is divided into 9x5=45 subinter-
vals. Thus, the time interval division value of the oscillo-
scope is 0.00011 seconds.

Measurement of internal friction was conducted not only
through theoretical calculations. Knowing that there is exci-
tation of bending waves in the plate during impact, the study
of internal friction of the developed alloys was carried out
using the bending oscillation method. For this purpose, an
automatic device was used for continuous registration of
internal friction occurring during bending oscillations of rods
with electromagnetic excitation in the high-frequency range
(950-1000 Hz), amplitudes of 104, and temperatures ranging
from 20 to 600°C.

The investigation of internal friction was conducted using
a discriminator and a pulse counter according to the formula
[24]:

Ql= =0.38-1072 9)

1 V
—In—,
7N Vn

Q'= (10)

9
T

Where 6 is the logarithmic decrement; V is the initial
amplitude; V, is the final amplitude; n is the number of oscil-
lations performed by the sample in the range from the initial
to the final amplitude.

The detection of instrumental losses was carried out using
a quartz rod installed in place of the sample. Such measure-
ments allow for an assessment of the background level of the
setup, which has readings of less than 10”-5, significantly
lower than the minimum attenuation of the samples under
investigation. A detailed description of the methodology is
provided in the paper. The parameters of internal friction
were studied using samples with dimensions of 1.5x1.5x100
mm after hot rolling in the frequency range of 950-1000 Hz
at room temperature (20°C). Each sample was measured five
times [26].

3. Results and discussion

The identification of chemical elements used in steel pro-
duction and their physical parameters was carried out using
commonly accepted methodologies for identifying alloying
substances, as well as tensile testing methodology. The re-
sults of studying the chemical substances and physical char-
acteristics of standard steels 20KhN (20XH), 20KhN4PhA
(20XH4DA), 25Kh2NMPhA (25X2HM®A) are demonstrat-
ed in Table 1. After reviewing Table 1, you can see the re-
sults of the study of the chemical elements included in the
prepared steel, as well as the physical qualities.

A comparative analysis of the data presented in Table 2
shows that the smelted steels EO3, EO4, and EOS5, with
comparable plastic properties (such as relative elongation 85
and relative contraction ), exhibit higher strength and im-
pact toughness indicators than standard counterparts.
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Table 1. Chemical substances and physical characteristics of steels

Chemical elements, %

Type of steel c Ni Mn Si v
017-  1.00-  040-  0.17-
20KhN (20XH) 023 140 070 037
20 KhN4PhA 017- 375 025  017-  0.10-
(20XH4DA) 024 415 055 037 018
25Kh2NMPhA 023 130- 040 017~ ..
(25X2HM®A) 027 160 070 035 ©

Physical qualities

Table 2. Chemical composition and mechanical properties of smelted steels

Chemical elements, %

Type of
steel C Ni Mn Si \Y Cr Co
EO3 022 12 0.7 0.30 0.35 0.8 0.1
EO4 035 25 0.8 0.20 | 0.40 0.8 0.2
045- 10-  0.7-  05- 0.35- 0.3-
BOS o048 12 08 12 o045 %% 04

For instance, the yield strength (ov) of these alloys is
1.19-1.25 times greater than that of the most durable standard
analogue, 20KhN4PhA (20XH4®A), the tensile strength (ot)
is 1.39-1.46 times greater, and the impact toughness (KCU)
is 1.20-1.33 times greater. These results were achieved
through additional alloying of the steel with small additions
of Co and increased amounts of V, as well as optimization of
the content of C, Ni, Cr, Si, and Mn. Therefore, it is more
promising in the present study to investigate steels based on
chromium, nickel, and vanadium.

The obtained coatings had a thickness of 2.5 um 7. The
fracture of the coating exhibits signs of ductile failure and is
accompanied by the formation of pits in a fibrous-striated
fracture on the micro-relief (Figure 5). Analysis of the coat-
ing structure conducted using TEM demonstrates the pres-
ence of a nanostructure (Figure 5a, b).

200 nm

10 pm
—_—

Figure 5. a) Dark-field TEM image of the coating; b) Bright-
field TEM image of the cross-section of the coating; ¢) cross-
section fracture Bright-field of TiN-Cu coating on EO5 substate;
d) High-resolution TEM image of TiN-Cu coating

Based on the obtained dark-field images, it can be con-
cluded that the obtained coatings have an average grain size
of about 15-30 nm and are characterized by a layer thickness
comparable to the grain size.

11

Cr Fe Other oB oT As v KCU
substances MPa % Dzn/sm?

%‘;55' rest 780 | 590 11 40 66
0.70- <0,035 S;

’ rest <0,035P; 880 @ 685 9 40 83
1.10
1.80- <0,30 Cu;
290 rest 657 520 14 40 49

Physical qualities
oB oT As \ KCU
Fe | Other substances MPa % Dup/sm?
rest 1100 @ 980 11 48 120
0,035 S; 0,035 P;

rest 0,35 Cu: 0,02 = 1050 @ 950 10 45 100
rest Al0,01 = Bi 1100 1000 8 40 110

Figures 6-8 show oscillograms depicting the decrease in
the level of the acoustic impulse against the background of
the contact of a metal sphere with samples of well-known
25Kh2NMPhA  (25X2HM®A) and synthesized samples
(EO5). In Figures 6-8, it can be observed based on the oscil-
lograms of the acoustic impulse attenuation resulting from
contact with a metal sphere with widely used steel grades.

1 | 1
0,005 0006 0007 0008 0009 001 0015 0016 0,017 0018 0,019

T, cex
Figure 6. Oscillogram of the attenuation of the acoustic im-
pulse from contact with a metal sphere with the reference
25Kh2NMPhA (25X2HM @A) sample

In Figure 7, the oscillogram of the attenuation of the
acoustic impulse from contact with a metal sphere with the
synthesized steel EOS is visible.

!

An
=0
=

L T

56, \ I \ | I | |
0,005 0006 0,007 0,008 0,009 000 0015

| |
0,017 0018 0,019
T, cex

0,016

Figure 7. Oscillogram of the attenuation of the acoustic im-
pulse from contact of a metal manufactured EO5 steel

In Figure 8, oscillograms of the attenuation of the acous-
tic impulse from contact of a metal sphere with EO5
(KMNC) are demonstrated, through which dissipation pa-
rameters were identified.

The oscillograms of dissipative alloys EO5 and
EO5(KMNC) in terms of sound impulse attenuation show a
rapid decrease in sound level, remaining within the range of
25-35 dBA over a large time interval. Meanwhile, the initial
sound level is 54-56 dBA.
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Figure 8. Oscillogram of the attenuation of the acoustic im-
pulse from contact with a metal sphere of the smelted sample
EO5(KMNC)

This indicates that the nature of sound wave dissipation
in samples EO5 and EO5(KMNC) is higher than that of
standard samples 25Kh2NMFA (25X2HM®A), where the
initial sound level is 77 dBA. After half of the time interval,
the sound impulse decreases by half, but complete sound
attenuation does not occur within 2 ms.

According to the analysis of the oscillograms of sound
impulse attenuation shown in Figures 7 and 8, it can be ob-
served that the developed alloys EO5 have the following
characteristics: EO5 Q'=1.54-102; y=9.66-10?; §=4.83-102
n EO5(KMNC) Q'=1.72-102;, ¢=10.8-102; §=5.40-102
These alloys exhibit increased sound attenuation rates and
dissipative characteristics compared to standard steels such
as 25Kh2NMFA (25X2HM®A), where: 25Kh2NMFA
(25X2HM®A) (Q1=0.58-102; y=3.64-10%; 5=1.82-10?).

4. Conclusions

Measurements of ultrasonic pressure have shown that the
application of TiN-Cu nanostructured coating, leads to an
increase in the attenuation of mechanical vibration energy.
When stress amplitudes exceed the critical dislocation mobil-
ity, local deformation occurs within individual grains, lead-
ing to an increase in the decrement of oscillations. However,
further increases in stress levels lead to the accumulation of
free dislocations at grain boundaries, reducing their mobility
and consequently decreasing the oscillation decrement. The
presence of thin coatings on the surface of samples results in
the formation of quasi-free dislocations and changes in stress
states, thus increasing the damping level of composites.

In vacuum arc deposition, the formation of nanostruc-
tured coatings and the contact interphase zone are accompa-
nied by saturation with a large humber of point and linear
defects. This enhances the damping properties of the struc-
ture due to stress fields and relaxation effects. The increase
in the ability to dissipate stored elastic energy after the appli-
cation of coatings primarily occurs for materials with coat-
ings having greater interfacial boundary extension, as
demonstrated by multicomponent coatings. Thus, the
nanostructured TiN-Cu coating exhibits the highest damping
properties.
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TiN-Cu MeTa/1 KepaMHKAJIBIK HAHOKYPbLILIMABI )Ka0bIHBI 0ap 3KaHA
Cr-Ni-V foJaTTapbIHBIH KaAKCAPTHIJIFaH AeMI(epsaik KacueTTepi
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Angarna. byn makamaga nemmdepiik KacHeTTepi KOFapbUIaFaH KOMOO3HWIUsUIapbl OoiprHma kxypambiHza Cr, Ni, V
Kocranapsl 0ap jkaHa OalKBITBUIFAH OOJAaTTAapIbl JKacay KOHE OJapAbl HAHOKYPHUIBIMIBI KaOBIHIApAbI TYHIBIPY aPKbUIBI
oJapablH IeMIdepiik KaCHeTTEPiH OJaH opi apTTHIPY TOCUTI YCHIHBUIABI. bankeiThUiFaH jxaHa D05 Oojarrapra HOHIBI-
TUIa3MaJIbIK BaKyyM/IbI-IOFANIBIK TYHIBIPY daici apkpuibl (TiN)-Cu »xaOblHIapAbIH KYpPBUIBIM JKoHE (ha3a Ty3ily mpolecTepin
3epTTey HoTwxelepi OepinreH. KanTaMaHbIH ChIHYBI HUITIII CHIHY O€JriiepiHe ue )KoHe MUKPOPENbe()Te TAMIIBIKTHI KOJIAKTHI
CBHIHBIK IIYHKBIPJIApBIHBIH Maiina OoxybsIMeH Oipre sxypeni. bemmexTepniH cumarsiHa CylHeHE OTBIPHIN, BIFBICY KepHeyJepi
Oy3bLTyFa HETI3ri yliec Kocaabl Jen Ooipkayra Oomambl. JKykreme yirFaiiFaH callblH >KaOBIHIAp HETI3iHCH CHI3ATTBHIH JKHET1
OoifpIHITa Oy3bIIa b, SIFHH >KaOBIHHBIH CyOCTpaT MaTepuaibiHa KoOipeK IeTiHyl Ke3iH/e ChI3aTThIH MIETTEePiHAeT] KbICY )KoHE
CO3BUTy KepHeylepi Oy3bUTysa MaHBI3ABI pen aTkapa Oactaiiapl. byn 3eprreneriH jkaObIHAAPIBIH HaHOKOMITO3HTTIK
KYPBUIBIMBIMEH TYCIHAIpiJIeNi, oJ MeKapalapAblH TapMaKTaJIFaH JKEeINCIHIH 9CEpiHEeH KapbhIKIAKTAPJIbIH TapalyblH TEXEYTE,
COH/Iali-aK TYTKBIPJIBIKTHI caKTayFa Kemekrecell. Mukpoaudpakunsuislk Tanaay xoHe Kapanrbl epicteri TEM keckinaepi
HeTi3iHIe >KaOBIHAAFbl KPUCTAJUIUTTEp THUTaH HUTpuAi O-TiN Oonbim TaOBUTagBl JeM KOPBITBIHABI JKacayFa Ooiamsl;
aObIHIapaa KpUCTAILTOTPadUsUIBIK KYpBUTHIM aHbIKTanMansl. TiN ¢dazaceiaeiH kpuctammmt enmemi TiN-Cu xaObHBI Oap
Oomar yITUIEpiHIH IMIKi YHKENICIHIH aMIUTUTYIANBIK TOYeIIUTiKTepiH Kypaiasl. Hemmdepiik cumaTramamapasiH OOIybI
HaHoosmeMal TiN TYHIpUIIKTEpiHIH IIeKapachblHIa KEPAMHUKAJIBIK HETI3ICH JKOHE MBIC IUIACTHKAIBIK (pa3achlHAH TYPAThIH
KaOBIHHBIH KOMIIO3UIMSUIBIK MHUKPOKYPBUIbIMBIHA OaiinanbicThl. JKaObIHIApABIH ©3iHe jKoHe cyOcTpaTka Oeniek ToH iIIKi
JaeMrdepIik cunarTaManapra KOChIMILIA <OKaObIH-HETi3» WHTepdeiciHae KochbiMIIa Jemnepinik MeXaHu3MIep JKy3ere
aChIPBLIAIbI.

Hezizzi co30ep: nanokypulnvim, oemngepiey, OUcIokayus, MUKPOKYPOLILIM, uly, Oipin, iy eaueiul.

YayumeHHbIe JeMn(upyommne cBoiicTBa HOBBIX cTajieil Cr-Ni-V ¢
MeTA/UIOKePAMUYeCKUM HAHOCTPYKTYPHbIM nokpbiTHeM TiN-Cu
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AnHoTauus. B maHHOH cTaThe MpOBEICHBI UCCIEIOBAHUS BIIEPBEIC Pa3pabOTaHHBIX COCTAaBOB craieit mapku D05, neru-
poBanHbIX Cr, Ni, V, 061aaroliMy NOBBIIIEHHBIMU JEMI(PHUPYIOIIUMH CBOXCTBAMH U NMPEJIOKEH MOAXO] 110 JaIbHEHIIEMY
MIOBBIIICHUIO UX JEMI(UPYIOMNX CBONCTB 3a CUET OCAKICHUS HA MX MOBEPXHOCTh MOKpbITUil. [IpuBeneHbI pe3ynbTaTel uc-
CJIe/IOBaHUI TIpOLecCOB POPMHUPOBAHHS CTPYKTYphI U (a3oodpazoBanus B NOKPbITUsX (TiN)-Cu mojgy4eHHbIX METOIOM HOH-
HO-IIJIa3MEHHOI'0 BaKyyMHO-AYI'OBOT'O HAIlIbUICHUA Ha IMOJJIOKKHU M3 BBIIJIABJICHHBIX CTaJIgX 9205. Hzaom IOKPLITUSA UMECT
NPU3HAKH BS3KOTO Pa3pylIEHUsI U COITPOBOXKIAETCSI 00pa30BaHMEM SIMOK BOJIOKHHCTO-TIOJIOCYATOrO U3JI0Ma B MUKpOpelbede.
Hcxons u3 xapakrepa OTCIOGHHH NMPH CKPaTY-TECTUPOBAHMH, MOXKHO IIPEIIIOJIOKHUTH, YTO OCHOBHOM BKJIAJ B Pa3pyllCHHUS
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BHOCST CABUI'OBbIE HApskeHUs. [Ipy yBeTnueHnH Harpy3Kd MOKPBITHS OCHOBHOM Pa3pylIAOTCs 110 KParo LapanuHsl, TO €CTh
1py OOJbIIEM BAABIMBAHUU TOKPBITUS B MaTepuall IOMI0KKN CYIIECTBEHHYIO POJIb B Pa3pyLICHNH HAYMHAIOT UTPATh CXKH-
MaloIfe ¥ PacTATUBAIOIIUE HAMPSIKEHHUS 10 KpasM LapanuHbl. ITO OOBICHACTCS HAHOKOMIO3UIIMOHHON CTPYKTYpOH Hccie-
JyeMbIX MOKPBITHH, CIIOCOOCTBYIOLIEH CAECPKUBAHUIO PACIIPOCTPAHEHHUS TPEIUH 3a CUET PA3BETBICHHOM CETH IPaHMII, a TaK-
)K€ COXpaHEeHHMsl BSIBKOCTH. [10 MHUKpoIu(pakLMOHHOMY aHalKM3y M TOJIyYEHHBIM TEMHOIIOJIBHBIM H300pPaKEHUSIM METOJ0M
[I3M MOXHO 3aKIIIOUUTb, YTO KPUCTAIIMTHI B IMOKPBITHH SBISIOTCS HUTpUIOM TuTaHa 0—TiN, KpucTauiorpaduyeckoi Tek-
CTYpBI B IOKPBITHSIX OOHapyxeHOo He Obuio. Pasmep kpucraumtoB ¢assl ains TiN cocTaBisieT aMILIMTYAHbIE 3aBUCHMOCTH
BHYTPEHHETo TpeHus 00pa3noB craineil ¢ mokpeitusiMu TiN-Cu. Hannune nemnupyromumx XapakTepucTuK 00yCIIOBICHO KOM-
MTO3UIIMOHHOW MHKPOCTPYKTYPOH IOKPBITHSI, COCTOSIIEH N3 KepaMHYECKOH OCHOBBI M IUIACTUYHON (pa3bl MeIH 10 TPaHUIlaM
HaHopa3MepHbIX 3epeH TiN. Kpome BHYTpeHHHX NeMII(UPYIOMHUX XapaKTEPUCTHK, MPUCYIINX CAMHUM MOKPBITHAM U TIOJI0XK-
K€ TI0 OT/ICNIFHOCTH, PEaN3yIOTCs JONOIHUTENbHBIE IeMIT(UPYIOINE MEXaHU3MbI Ha TPaHUIIAX pa3Jiella «IIOKPBITHE-OCHOBAY.
Knrouegvle cnosa: nanocmpyxmypa, oemngupoganue, OUCIOKAYUsL, MUKPOCIPYKIMYPA, WYM, 8UOPAYUS, uymomep.
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