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ABSTRACT

Addressing corrosion and wear in assemblies, components, machine parts, and equipment
operating in aggressive environments under severe wear conditions remains a pressing challenge
and continues to draw focused scientific attention. This work aimed to investigate how the key
magnetron sputtering parameters (working pressure, plasma current, and process-gas flow rates)
affect the surface morphology, microstructure, and composition of TiN and CrN films deposited
under different conditions. Microstructural analysis revealed that, across the investigated
parameter window, the films exhibit a columnar cross-sectional architecture and a smooth surface
morphology with no visible defects, showing no pronounced differences between the deposition
regimes. After 30 min of deposition, the film thickness ranged from 0.17 to 0.46 um for TiN and
from 0.59 to 3.46 um for CrN, depending on the sputtering conditions. The results demonstrate
that plasma current and working pressure have a strong effect on film thickness and chemical
composition, whereas variations in the working-gas flow rate exert a coupled influence on
thickness, microstructure, and the stoichiometry of TiN and CrN layers. Elemental analysis further
indicates that increasing the pressure to 0.65 Pa increases oxygen incorporation in the films.
During chromium sputtering, raising the plasma current to 1.5 A leads to film delamination. For
TiN, a balanced regime with a moderate N2 flow is preferable, providing a reasonable growth rate
and a composition close to stoichiometric. For CrN, the range of stable operating conditions is
substantially broader, and the process parameters have a more pronounced impact on its
structure and composition. These findings can support the design of TiN/CrN wear-resistant
multilayer coatings produced by magnetron sputtering for protecting machine parts and
equipment against wear and corrosion.

Keywords: working chamber pressure, plasma discharge current, nitrogen flow rate, film
elemental composition, film thickness.
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Introduction

The durability of parts and components
operating in aggressive environments under intense
friction and wear (mechanical engineering,
transport, chemical and petrochemical industries,
power generation, and related sectors) remains a
critical challenge. Premature failure of such
components under service conditions can lead to
substantial economic losses [1]. Improving the
tribological and corrosion performance of
contacting surfaces largely determines their service
life, operational safety, and reliability [[2], [3], [4],
[5]]. For this reason, enhancing the tribo-corrosion
behaviour of frictional surfaces continues to be a key
focus of scientific research.

One of the most effective approaches to
addressing this challenge is surface engineering
through the deposition of coatings with high wear
resistance, hardness, and corrosion resistance
[[6],[7]1[8]]. Metal-nitride coatings are widely
employed for these purposes because they combine
features typical of covalent compounds with those
of ionic crystals. The incorporation of nitrogen alters
bond energy, expands the crystal lattice, increases
interatomic distances, and raises the lattice
parameter, imparting distinctive physical and
chemical properties to these compounds [[9], [10]].

Metal-nitride coatings can be produced by
chemical vapour deposition (CVD), physical vapour
deposition (PVD), and related methods. Selecting an
appropriate deposition route is crucial because it
directly affects coating microstructure and
performance. In practice, metal-nitride coatings are
predominantly fabricated by PVD processes; among
them, magnetron sputtering (MS) is one of the most
frequently used techniques. MS enables control over
coating structure and composition by adjusting
process parameters such as working pressure,
plasma discharge current, reactive-gas flow rate,
substrate bias, and others [11].

Pressure governs the energy and transport of
species, thereby affecting film densification and
porosity; discharge current/power controls the
growth rate and the degree of ionization; the
nitrogen flow rate regulates nitride stoichiometry
and the onset of the target “poisoning” regime;
substrate bias intensifies ion bombardment,
increasing density and adhesion while promoting
the build-up of residual stresses; and temperature
determines adatom mobility and crystallinity [[12],
[13]]. For multilayer coatings (e.g., TiN/CrN), these
parameters  additionally  control interfacial
sharpness, bilayer periodicity, and stress

partitioning, which collectively define the
mechanical, tribological, and corrosion
performance.

For nitride coatings (TiN, CrN, TiAIN/CrAIN), the
key requirements are the optimization of working
pressure and nitrogen flow together with strict

composition control to ensure high density,
hardness, corrosion resistance, and thermal
stability. For carbonitrides and

multicomponent/multilayer systems (TiCN, TiAICrN,
AICrSiN, TiN/CrN), additional critical factors include
regulating carbon-containing gases, distributing
power between targets, and controlling
architectural parameters (layer period, interface
sharpness, and the balance of residual stresses).

Among PVD-derived metal-nitride coatings,
titanium nitride (TiN) and chromium nitride (CrN)
attract sustained interest because they offer a
favourable combination of high hardness, strong
adhesion, wear resistance, corrosion resistance, and
thermal stability, making them versatile for a wide
range of applications [[9], [14]]. However,
quantitative “parameter = structure/composition”
relationships for individual TiN and CrN coatings
remain under active investigation. Several studies
have examined how sputtering conditions (pressure,
gas flow, current density, ionization) affect
composition, microstructure, and residual stresses
in TiN and CrN films. At low pressure and moderate
plasma currents, TiN typically forms a NaCl-type
cubic structure with a preferred (111) or (200)
orientation. For example, study [15] showed that
increasing the working pressure from 2 mTorr to 9
mTorr changes grain orientation and increases
oxygen incorporation in TiN coatings. Increasing the
nitrogen fraction during titanium sputtering
(nitrogen and argon flow rates: 9.0 and 51 sccm)
while reducing pressure to 2 Pa has been reported
to decrease vacancy concentration and increase
coating density, as demonstrated by Wei B. and co-
workers [16].

For CrN. Bai H. and others [91 demonstrated that
both the deposition method and souttering
parameters affect nitrogen content and defect
pooulation in CrN coatings and. conseauentlv. their
mechanical behaviour. The authors of [171 reported
that residual stress and hardness depend stronglv on
the souttering regime. The authors found that
increasing the deposition pressure from 2 to 4. 5.
and 7 mTorr reduced film deformation and
increased the oxveen content. The pronounced
effect of substrate bias was attributed to enhanced
ionization of film-forming species. In [181. the
influence of MS parameters on the tribological
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performance of CrN coatings was examined. Thin
CrN films were deposited at pressures of 0.4 and 4
Pa; after testing, the coating synthesized at 0.4 Pa
exhibited less surface damage due to its higher film
density, and its hardness was higher by 5 GPa.

Overall, studies on TiN and CrN deposition
indicate that controlling MS parameters enables
tuning of composition (metal-to-nitrogen ratio and
oxygen incorporation), microstructure (grain size
and texture), and, consequently, key properties such
as hardness and wear resistance. This knowledge
underpins the design of multilayer coating systems
and the optimization of deposition regimes for
practical applications (e.g., tooling and mechanical
engineering). In this context, the present work
investigates the structure and composition of TiN
and CrN films as a function of magnetron sputtering
parameters (pressure, plasma current, and working-
gas flow rate) to support the subsequent design of
TiN/CrN multilayer coatings.

Experimental part

TiN and CrN films were deposited by direct-
current magnetron sputtering (DCMS) in a high-
vacuum system developed by the authors,
employing two separate magnetrons (APEL-MRE100
and MKE-95/100; Applied Electronics, Tomsk,
Russian Federation). A 99 mm diameter VT1-0
titanium target (VostokMetService, Ust-
Kamenogorsk, Kazakhstan) and a 75 mm diameter
ERKh-1 chromium target (Ural Metall Export—
Kazakhstan, Astana, Kazakhstan) were used.
Polished p-type single-crystal Si(100) substrates (SW
GmbH, Schramberg, Germany) with dimensions of
10 x 10 mm were mounted inside the chamber on a
200 mm-diameter substrate holder. The chamber
was evacuated to a base pressure of 5x1073 Pa using
diffusion and rotary pumps (2NVR-60D;
Vakuummash, Kazan, Russian Federation). The
chamber pressure was monitored with a Televac CC-
10 vacuum gauge (The Fredericks Company, USA).
The substrates were then ion-cleaned at 0.3 Pa with
a plasma current of 40 mA and an accelerating
voltage of 2.5 kV for 20 min using an APEL-IS-21CELL
ion source (Applied Electronics, Tomsk, Russia).
After ion etching, the cleaned substrates were
positioned opposite the corresponding magnetrons
for TiN and CrN deposition.

The following deposition parameters were
maintained throughout: substrate bias -100 V,
deposition time 30 min, target-to-substrate distance
300 mm, and argon flow rate 1.3 L/h. Argon and
nitrogen flow rates were regulated using RRG-12

flow controllers (Eltochpribor, Moscow, Russia). For
TiN deposition, the plasma current was varied
between 0.5 and 2 A, the working pressure between
0.3 and 0.65 Pa, and the nitrogen flow rate between
0.08 and 0.11 L/h. For CrN deposition, the plasma
current ranged from 0.5 to 1.5 A, the working
pressure from 0.3 to 0.65 Pa, and the nitrogen flow
rate from 0.08 to 0.2 L/h.

Film thickness and morphology were evaluated
by scanning electron microscopy (SEM) using a JXA-
8230 microscope (JEOL, Tokyo, Japan) equipped
with an energy-dispersive X-ray spectroscopy (EDS)
system for elemental analysis.

Graphs and figures were prepared using
OriginPro SR1 10.1.0.178 and CorelDRAW
25.0.0.230.

Results and Discussion

Microstructural analysis confirmed that, under
the investigated conditions, the deposited films
exhibit a columnar cross-sectional morphology and
a smooth microstructure without visible defects.
Depending on the sputtering parameters, after 30
min of deposition, the TiN and CrN thicknesses
ranged from 0.17 to 0.46 um and from 0.59 to 3.46
pum, respectively. Under identical magnetron
sputtering conditions, the CrN deposition rate was
approximately 3.5 times higher than that of TiN. The
effects of the individual MS parameters on TiN and
CrN films are discussed below.

Effect of Working Pressure in the MS Chamber

Based on the preceding results, the working
pressure during titanium and chromium sputtering
was set to 0.45 and 0.65 Pa while maintaining a
nitrogen flow rate of 0.08 L/h. The thicknesses of TiN
and CrN films synthesized at 0.65 Pa were lower than
those obtained at 0.3 and 0.45 Pa. At elevated
pressure (0.65 Pa), the TiN and CrN growth rates
decrease due to an increased frequency of collisions
in the plasma, which reduces the kinetic energy and
mean free path of the sputtered species. This trend
is consistent with previous reports [[15],[18]].
During titanium sputtering, increasing the pressure
from 0.45 to 0.65 Pa decreased the TiN deposition
rate from 0.16 to 0.13 um/min, whereas during
chromium sputtering, the CrN deposition rate
decreased from 0.50 to 0.38 um/min.

SEM examination of the surface morphology of
TiN and CrN films deposited at 0.45 and 0.65 Pa
revealed a smooth, uniform surface, with only
occasional, randomly distributed nuclei. Figure 1
summarizes the surface morphology and EDS-
derived composition. The left-hand images (x250)
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show a dense and homogeneous microstructure
without pronounced defects. Both titanium nitride
and chromium nitride surfaces exhibit a similar,
uniform contrast, indicating good film continuity.
The small number of micron-sized nuclei observed
on the TiN and CrN surfaces may be associated with
droplet-phase formation or microdroplets, a
phenomenon occasionally reported for magnetron
sputtering processes [[19], [20]]. Their low areal
density suggests stable deposition conditions.
Notably, the surface morphology did not change
appreciably with variations in pressure, plasma
current, or nitrogen flow rate; therefore, only cross-
sectional images are discussed in the following
sections.

The right-hand plot in Fig. 1 shows the chemical
composition of the films as a function of working
pressure. Elemental analysis indicates that
increasing the pressure to 0.65 Pa increases the
oxygen content to 26.45 at.% in CrN and to 10.32
at.% in TiN, which may adversely affect tribological
performance. The increase in oxygen content with
increasing pressure has been reported by many
researchers [[15], [17], [18]]. This effect is commonly
attributed to the incorporation of residual gases
during film growth and to the pronounced affinity of
Cr for oxygen.

On the basis of the pressure-dependent results,
subsequent deposition experiments were
conducted at 0.45 Pa. However, given the relatively
low nitrogen content in CrN films, a higher nitrogen
flow rate during chromium sputtering is required to
promote nitride formation.

Effect of Magnetron Sputtering Plasma Discharge

Current
To examine the influence of the MS plasma

discharge current on the structure and composition
of TiN and CrN films, films were deposited on Si
substrates at a chamber pressure of 0.45 Pa with a
nitrogen flow rate of 0.08 L/h and an argon flow rate
of 1.3 L/h for 30 min.

During titanium sputtering, plasma currents
below 0.5 A led to deviations of TiN from
stoichiometry due to changes in the discharge zone,
whereas currents above 2.0 A caused overheating of
the magnetron housing. Similar behaviour has been
reported in [[21],[22]]. Figure 2 presents a cross-
sectional SEM image and the dependence of the TiN
deposition rate and film thickness on the plasma
current. The cross-section clearly reveals the “film-
substrate” interface. The film exhibits a dense
microstructure without cracks or visible defects.
Thickness uniformity across the cross-section
confirms stable deposition conditions and efficient
mass transport of species to the substrate. As shown
in the right panel of Fig. 2, increasing the plasma
current results in an approximately linear rise in
deposition rate from 5 to 15 nm/min, leading to a
film thickness of ~0.5 um. The chemical composition
of TiN films as a function of plasma current is
summarized in Table 1, where reducing the current
is accompanied by changes in the titanium and
nitrogen contents. Because the film deposited at 2 A
exhibited a composition closest to stoichiometric,
and given that titanium has a lower sputtering yield
than chromium, the plasma current for titanium
sputtering was fixed at 2 A in subsequent
experiments.

a) CrN 0.45 Pa CrN 0.65 Pa

TiN 0.45 Pa

0.65 60.85 L12.7 I 26.45 ‘
0.45 79.75 [13425 ’7 ‘ ]: Ti
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Figure 1 - Surface morphology (a) and chemical composition (b) of TiN and CrN films as a function of working pressure
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Figure 2 - Cross-sectional SEM image of the TiN film at 2 A (a) and the dependence of deposition rate
and film thickness on plasma current (b)

Table 1 - Chemical composition of TiN films deposited at plasma currents from 0.5to 2 A

Sample Plasma current, A Ti N (o]
7-1 2 43.25 55.4 1.35
7-2 1.5 43.1 53.8 3.1
7-3 1 39.5 59.3 1.2
7-4 0.5 32.2 62.5 5.3

During chromium sputtering, plasma currents
above 1.5 A led to film delamination, which is
attributed to an excessively high deposition rate and
the build-up of residual stresses. This can degrade
the adhesion durability of the CrN film, ultimately
leading to delamination, as also reported in [[9],
(17], [23]].

Figure 3 provides cross-sectional SEM images of
the CrN film and shows the dependence of
deposition rate and film thickness on plasma
current. The deposition rate increased from 0.02 to
0.11 um/min as the plasma current was raised,
resulting in film thicknesses ranging from 0.5 to 3.46
pum. The higher growth rate can be explained by the
intensification of ion-plasma processes, including a
greater probability of ionization of sputtered species
and an increased deposition efficiency [24]. The
relatively small thickness scatter, shown as error
bars, indicates good reproducibility of the
deposition process.

Table 2 summarizes the composition of CrN films
deposited at plasma currents from 0.5t0 1.5 Ain 0.5
A increments. Elemental analysis shows that
increasing the plasma current markedly reduces the
oxygen content in the film, while the chromium
fraction increases. At the lower current of 0.5 A,
oxygen from residual chamber gases is incorporated
into the growing film. Raising the current to 1.0-1.5
A increases the density of energetic ions in the

plasma, thereby promoting nitridation [[25], [26]].
As a result, the chromium and nitrogen contents
increase, whereas the oxygen level decreases.

Based on the current-dependent deposition
results, a plasma current of 2 A was selected for
titanium sputtering and 1 A for chromium sputtering
as the working regimes for subsequent experiments.

Effect of Nitrogen Flow Rate during MS

The influence of nitrogen flow rate on the
stoichiometry of individual TiN and CrN films was
examined at a constant argon flow rate of 1.3 L/h.

For TiN films, the nitrogen flow rate was varied
between 0.08, 0.18, 0.36, and 0.54 L/h. Under these
conditions, a decrease in the TiN deposition rate was
observed with increasing nitrogen flow (Fig. 4). This
behaviour can be attributed to a reduction in the
effective sputtering yield of the titanium target
caused by the formation of a TiN compound film on
the target surface; in addition, the density and
kinetic energy of titanium species reaching the
substrate decrease due to a higher collision
frequency in the gas phase [[27], [28]]. In other
words, the process transitions from a metallic mode
to a reactive regime. Figure 4 shows the deposition
rate as a function of nitrogen flow rate together with
the corresponding TiN film compositions. As the
nitrogen flow increases, the titanium fraction
decreases, whereas the nitrogen content rises.
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Figure 3 - Cross-sectional SEM image of the CrN film at 1 A (a) and the dependence of deposition rate
and film thickness on plasma current (b)

Table 2 - Chemical composition of CrN films deposited at plasma currents from 0.5to 2 A

Sample Plasma current, A Cr N (o]
1 0.5 60.5 12.69 26.81
3 1 79.75 13.03 7.22
2 1.5 81.3 12.66 6.04

Across all regimes, the nitrogen content was in
the range of 44-56 at.% and titanium in the range of
36-47 at.%. Based on the composition data, 0.08 L/h
is the optimal nitrogen flow rate for forming TiN.
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Figure 4 - Elemental composition and deposition rate of
TiN films as a function of nitrogen flow rate

For CrN layers, the nitrogen flow rate was varied
at 0.08, 0.12, 0.18, 0.22, and 0.26 L/h. As in the TiN
case, increasing the nitrogen flow initially reduced
the CrN deposition rate, after which the rate levelled
off. However, unlike TiN, CrN films exhibited a
substantially higher growth rate (0.055-0.057
pm/min), consistent with the higher sputtering yield
of chromium [29]. Elemental analysis (Fig. 5) shows

that increasing the nitrogen flow decreases the
chromium content from ~80 to ~67 at.% while
simultaneously increasing the nitrogen fraction to
~25 at.%. This behaviour indicates a transition from
a metallic or nitrogen-deficient Cr(N) state toward a
nitride phase approaching CrN; nevertheless, even
at the maximum nitrogen flow, the composition
remains shifted toward metal-rich stoichiometry.
The elevated oxygen content (up to ~21 at.% at
intermediate N2 flow) suggests a tendency of CrN
films toward oxygen contamination, which may be
associated with the high chemical reactivity of
chromium [[30], [31], [32], [33]].
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Figure 5 - Elemental composition and deposition rate
of CrN films as a function of nitrogen flow rate
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Thus, optimizing the nitrogen flow rate is a key
lever for controlling both the deposition rate and the
stoichiometry of TiN and CrN coatings. For TiN, a
balanced regime with a moderate N, flow is
preferable, providing a reasonable growth rate
together with a composition close to stoichiometric.
For CrN, the range of stable operating conditions is
substantially broader, indicating higher process
robustness during reactive magnetron deposition.

Conclusions

The present work investigated the structure and
composition of TiN and CrN films as a function of key
magnetron sputtering parameters (pressure, plasma
current, and process-gas flow rates) to support the
design of TiN/CrN multilayer coatings. The main
conclusions are as follows:

e The experiments showed that plasma current
and working pressure strongly affect film
thickness and chemical composition, whereas
variations in the working-gas flow rate exert a
coupled influence on thickness, microstructure,
and layer stoichiometry.

e For TiN deposition, a near-optimal regime was
identified at a working pressure of 0.45 Pa, with

titanium sputtered at an N2 flow rate of 0.08
L/h and a plasma current of 2 A.

e For CrN deposition, a working pressure of 0.45
Pa, a plasma current of 1 A, and an N2 flow rate
of 0.22 L/h were found to be optimal; however,
the N2 flow rate requires further refinement.

Further studies will focus on a more detailed
assessment of film properties under the identified
operating regimes and on evaluating the behaviour
of these layers within a TiN/CrN multilayer
architecture.
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(KbicbiM,  Nnasma

KaFgannapbiHaH

ArpeccuBTi OpTaja KaHe KapKblHAbl TO3Y KafAalblHAA KYMbIC iCTEWTIH TopanTap, Kypamzac
benweKTep, MaWMHaNap MeH }Kabablk 3N1eMeHTTepiHiH KOPPO3MACbI MEH TO3Ybl MACENECIH LWeLly
©3eKTi XKaHe epeKle fblNbiMW Hasap aygapaTbiH HbicaH 60nbin Tabbliagbl. Byn KYMbICTbIH,
MaKcaTbl 3pTypi WwapTrapaa TyHabipbiaFaH TiN xaHe CrN KabblKLWanapblHbIH, MOPGONOrMACHIHA,
MWKPOKYPbIIbIMbIHA K9HE KypamblHa MarHeTpoHZAbIK TO3aHAATYAblIH, HErisri napameTpaepiHiH,
TOrbI,
MWKPOKYPbINIbIMAbIK Tangday 3epTTenreH Kaffannapha KenfeHeH, KumacbiHoa 6GafaHanbl
KYPbINbIMbl KaHe Teric 6eTi Mopdonornanbi, KepiHeTiH akaynapbl KOK KabblKwanapablH,
KaNbINTacaTblHbIH, ONApAblH MWMKPOKYPbIIbIMbI KOPiHETIH akaynapgaH 60c KoHe walublpay
anTapbIKTan
napameTpaepiHe 6aiinanbicTbl, 30 MUHYTTLIK TYHAbIPY Ke3iHge TiN »kaHe CrN KabblKwanapbIHbIH,
Ka/blHAbIFbl ColiKeciHwe 0,17-0,46 mKkm-re aeiiH xaHe 0,59-3,46 MKM -re geiiH apanbifblHAA
60n14b1. FKyprisinreH }Kymbic HOTUNKENEPiHE CyeHe OTbIPbIN, N1a3MasblK TOK NeH KblCbIM KabblKLua
KaNblHAbIFbIHA MEH XMMMANbIK KYypPamblHA eneyni biIKknan eTeTiHiH, an KYMbIC rasbl afblHbIHbIH,
e3repyi TiN kaHe CrN KabaTTapblHblH, KaNblHAbIFbIHA, KYPbIIbIMbIHA YK9HE KYpPaMblHbIH,
CTEXMOMETPUACBIHA KelleHAi 3cep eTeTiHiHi aHbIKTanapl. JNeMeHTTIK Tangay HaTuxenepi
Kbicbimapl 0,65 Ma-fa AeliH apTTbipy KabblKwanapaafbl OTTeri meswepiH eceTiHiH KepceTTi.

KYMbIC ra3fapblHblH,  afblHbl)  9cepiH  3epTTey. HaTukeciHae

alblpMaLUbINbIK, ~ KOPCeTNenTiHiH  aHbIKTagpl. To3aHaaTy
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Xpomapl TO3aHAATy KesiHAe nnasma TorbiH 1,5 A-fa  geiiiH  yaFalTy  KabblKLWaHbIH
KabblplwaKTaHybiHa aKenegi. TiN KabblKWwanapbl YLWiH 6cy *KblngaMablfblH Kabblngayra 6onaTbiH
AeHreinai cakTali oTbIpbIn, CTEXMOMETPUAFA KAKbIH Kypamabl KamTamacbi3 eTeTiH N afbliHbIHbIH,
opTalla MaHAEPIHAErM KOMMPOMMUCTIK pexknum Konainbl. CrN ywiH TypaKTbl pexxMumaep AnanasoHbl
efdyip KeH, }XaHe KypblibiM MeH Kypamfa Y/IKeH acep eTedi. ANbiHFaH HaTUXKeNep MawuHanap
MeH Kabablk 6enwekTepiH TO3y MeH KOppOo3UALAH KOpFfayfa KOMAAHbLIATbIH MArHeTPOHAbIK,
TO3aH4aTy aaicimeH KenkabatTbl To3yra Te3imai TiN/CrN kabbliH KyienepiH kobanay KesiHae
naiganbl 601ybl MYMKIH.

TyiiiH ce30ep: KamepaHblH, KYMbIC KbICbIMbl, MAa3ManblK pPaspag TOrbl, a30T afbiHbIHbIH
KbIIAAMAbIFbI, KabblKLUAHbIH 31€MEHTTIK Kypambl, KabblKWaHbIH, KaNblHAbIFbI.
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AHHOTALMUA

PeweHune npobaembl KOPPO3UM U U3HOCA Y3/10B, KOMMNOHEHTOB, AieTaNei MaLmH v 060pya0BaHUM,
paboTatoWwmx B YCAOBUAX arpecMHon cpegn U UHTEHCMBHOTO M3HOCA, ABAAETCA aKTY/IbHbIM U
ABNAETCA 06bEeKTOM 0coboro HayyHoro BHUMaHuA. Llenblo Hactoswel paboTbl ABAsAnach
nccnepoBaHMe BAUAHWA OCHOBHbIX MapaMeTpOB MarHETPOHHOTO pacnblieHus (4aBneHue, TOK
nnasmbl, MOTOK paboumnx rasoB) Ha MopdONOrMI0, MUKPOCTPYKTYPY M coctaB naeHok TiN u CrN,
OCaXKAEHHbIX B Pa3HbIX YCAOBUAX. B pe3ynbTaTe, MUKPOCTPYKTYPHbIV aHanu3 nokasas, YTto npu
NCCNeAOBaHHbIX PeXMmax GOpMUPYIOTCA MJIEHKU C KONIOHHOM CTPYKTYpOi MO norepeyHomy
CEYEHUIO U TNAAKOW MOBEPXHOCTHOM MOPGONOrMeNn MMKPOCTPYKTYpa KOTporo 6e3 BUAMMbIX
AedeKTOB M CyLLEeCTBEHHO He OT/IMYaloLWEerocs OT PeXMMOB HanblieHua. B 3aBucumoctn ot
napameTpoB pacnblieHus npu 30 MUHYTHOW OCaXKAeHWU TOALMHA NAeHOK bbino B Npeaenax ot
0,17 po 0,46 mkm n ot 0,59 o 3,46 mkm gna TiN u CrN, coorBeTcTBeHHO. 1o pe3ynbTatam
npoBeAEHHbIX PaboT YCTAaHOBNEHO, YTO TOK MAasMbl M [3BAEHWE CYLLECTBEHHO B/MAIOT Ha
TO/ILLMHY M XMMUYECKUI COCTaB NIEHOK, TOrAa Kak M3MeHeHWe noToka paboyero rasa okasbiBaeT
KOMM/IEKCHOE BAWAHWE Ha TO/LWMHY, CTPYKTYpYy M cTexmomeTpuio coctaBa cnoés TiN u CrN.
Pe3ynbraTtbl 3n1€MeHTHOro aHasM3a MoKasanun, 4Yto npu yBennveHun pasnenua go 0,65 MMa
BO3pACTaeT CoAEepIKaHWe KMcnopoaa B NaeHKax. B cnyyae pacnbiieHMM Xxpoma noBbIWEHWUA TOKa
nnasmel go 1,5 A npuBoAMT K OTCNoeHuo nieHkn. Ana nneok TiN npegnoytuteneH
KOMMPOMMCCHBIW PEXUM C yMEpPEHHbIM NOToKOoM N2, obecneynBatowumii npuemaemyto CKOpocTb
pocTa u 6n3KyI0 K cTeXMoMeTpuyeckoin Komnosmumio. Ana CrN gManasoH cTabuibHbIX PEXMMOB
CYWECTBEHHO WKMpe W nposaBaneT 6o/blWero BAWAHME Ha CTPYKTYpy M cocTas. [osyyeHHble
pe3ynbTaTbl MOTYT BbITb MOAE3HbI NPU NPOEKTUPOBAHMM MHOTOC/IOMHOM CUCTEMbI M3HOCOCTOMKOTO
nokpbiTis TiN/CrN MeTogom MarHeTPOHHOrO Pacrbl/IeHUs!, KOTOPbIE UCMONb3YETCA A/ 3aLMUTbI
OT MU3HOCA M KOPPO3UK AeTanei MalnH uamM 06opyLo0BaHMN.
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