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ABSTRACT

The low coefficients of friction and wear rates of transition metal carbonitride make them
excellent candidates for friction and wear applications. Coatings based on titanium carbonitride
alloyed with Ta and Al were deposited using reactive magnetron sputtering on the surface of
titanium VT1-0 and steel AISI 304. The effect of alloying titanium carbonitrides with Ta and Al
and acetylene flow during deposition on the structure, composition, and tribological properties
of the coating was studied. TIAICN and TiTaCN coatings were deposited in various acetylene
flows along with stable argon and nitrogen flows. Scanning electron microscopy, optical
microscopy, X-ray phase analysis, and sliding wear test (ball-on-disk method) in two media were
used to study the resulting coatings. The average coefficient of friction of the coating under
friction without lubrication varied in the range of 0.13-0.85 and under friction with lubrication in
the range of 0.0015-0.081. From the point of view of wear rate, it is shown that the most wear-
resistant coating under friction conditions with and without lubrication is TIAICN-2. The resulting
coatings can be useful as protection for machine parts or tools that are subject to friction and
wear.

Keywords: titanium carbonitride, magnetron sputtering, alloying, coefficient of friction, wear
rate, wear resistance.
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Introduction

Hard protective coatings greatly contribute to
increasing wear resistance and increasing the
service life of components and machine structures
that are constantly subjected to mechanical and
chemical degradation due to wear processes
[[1],[2], [3]]. The use of hard protective coatings
such as TiC [4], TiN [5], TiCN [6], TiAIN [7], TiSiC [8],
thin multi-layer coatings [9], diamond-like films
[[10], [11]], and others are a suitable way to protect
machine parts or tools from environmental hazards
and wear. In these works, it is noted that coatings
based on titanium carbides and nitrides provide
good wear resistance due to a combination of

ductility and hardness, and high adhesion to the
substrate.

To date, various physical and chemical
deposition technologies are used to obtain solid
protective coatings. There are such methods as
magnetron sputtering (MS) [12], cathode sputtering
[13], plasma deposition [14], laser methods [15],
CVD-based methods [16], and others. Among them,
MS is very often used for applying various hard
tribological coating based on titanium carbonitride
(TiICN) with increased wear resistance. MS provides
a low level of impurities and allows easy control of
the deposition rate. Several studies of TiCN [[13,
[17], [18], [19]] have been carried out to study the
tribological properties coatings obtaining by
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magnetron sputtering. The advantages of these
coatings over other coating materials are associated
with their excellent friction characteristics in
contact with steel, high hardness, and residual
stress [[20], [21]].

To meet the increased requirements for wear-
resistant coatings, it is necessary to complicate the
composition of the coating more and more, using
metal alloying additives. To improve the tribological
properties of TiCN coatings, alloying with such
metals as Al, Ag, O, Zr, Cr, etc. is carried out [[7],
[22], [23]]. Srinath M.K. and colleagues [1] reported
that TiCN-coated Al-7075 heat-treated at 500°C for
1 hour gives good results in terms of wear
resistance and corrosion resistance. Recently, in
[22], the authors reported that the addition of Ag to
the TiCN coating can improve friction and wear
resistance at room and elevated temperatures. In
[20], the surface and tribological parameters of
Ti(C,O,N) coatings were analyzed and discussed
depending on the composition and structural
features of the films, as well as their thickness. In
our previous work [23], the tribological and
corrosion properties of TiCN coatings doped with Cr
and Zr were studied. The combined results of this
work showed the most preferable composition, the
Tiz1Zr12CssNsz (TiZrCN-1) coating, which is resistant
to wear and corrosion damage.

To date, a lot of data has been published on the
efficient use of magnetron sputtering for the
deposition of wear-resistant alloyed TiCN coatings.
At the same time, information on the analysis of the
wear characteristics of TiIAICN and TiTaCN coatings
is very limited. Only a few works are devoted to the
analysis of TIAICN coatings, and there is even no
work on the analysis of TiTaCN coatings. In this
regard, it seems interesting to study the effect of
doping with Al and Ta on the tribological
characteristics of TIAICN and TiTaCN coatings.
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Materials and methods

Substrate preparation and coating process

The TiAICN and TiTaCN coatings were deposited
in a 100 kHz pulsed DC MS system. The distance
between the target and the substrate holder was
kept constant and equal to 30 cm. Composite
targets were fabricated for the deposition of TIAICN
and TiTaCN coatings. To do this, an alloying element
in the form of 3 disks of aluminum and tantalum
was welded onto the sputtered surface of a VT1-0
titanium target. Three disks of aluminum and
tantalum were welded onto the surface of the
titanium target. Well-polished disks (@ 58 mm)
made of VT1-0 titanium and AISI 304 steel were
used as substrates. When preparing the surface of
the substrates for deposition, grinding with
sandpaper, four-stage polishing with diamond paste
and ion cleaning in a vacuum were used, which is
described in detail. in [[19], [23]]. Before deposition,
the chamber was evacuated to a base pressure
below 3-107 Pa. Scheme of the process of preparing
the substrate and coating deposition shows in
figure 1. The MS facility is equipped with an APEL-
IS-21CELL ion source (Applied Electronics, Tomsk,
Russia) and APELMRE100 magnetrons (Applied
Electronics, Tomsk, Russia). The potential shift to
the substrate was fixed at -70 V, which was supplied
using an APEL-M-5PDC power supply (Applied
Electronics, Tomsk, Russia). This potential value was
chosen based on the results described in our earlier
published work [19]. The flow rate of the inert and
reactive gas was controlled using RRG-12
flowmeters  (Eltochpribor, Moscow, Russia).
Previously, composite targets were worked out to
clean the surface from unwanted contaminants.
The deposition parameters of all obtained coatings
are presented in Table 1.

Table 1 - Magnetron sputtering parameters for the obtained coatings

Coating deposition parameters

Coating Chamber Plasma Flow of inert and reactive gas, Substrate bias, V Deposition

pressure, current, A sccm time, min

Pa

TiAICN-1 0.45 2 Ar=18; CoH2=3.4; N2=3 -70V 120
TiAICN-2 0.45 2 Ar=18; CoH2=4.6; N2=3 -70V 120
TiTaCN-1 0.45 2 Ar=18; C2H2=3.4; N2=3 -70V 120
TiTaCN-2 0.45 2 Ar=18; CoH2=4.6; N2=3 -70V 120
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Figure 1 — Scheme of the process of preparing the substrate and coating deposition.

Morphology and composition of coatings

The surface morphology of the coating was
studied by scanning electron microscopy (SEM). For
these purposes, an electron microscope model JXA-
8230 (JEOL, Tokyo, Japan) with an accelerating
voltage of 25 kV and an electron beam current of up
to 7 nA was used. All selected coatings were studied
in the backscattered electron mode (COMPOQO). The
elemental composition of the coating was analyzed
by energy dispersive X-ray analysis (EDX) over the
surface area of the coating 40 x 40 um? at x2000
magnification.

Optical microscopy was used to check the
coating thickness. Micrographs were taken with a
Leica DM IRM optical microscope (Leica, Wetzlar,
Germany). The thickness of the coatings was
measured in several areas at least 20 times. In the
work, the average thickness of each coating was
given.

The phase composition and crystal structure of
the coating were determined on a D8 Advance
diffractometer (BRUKER, Karlsruhe, Germany) with
a-Cu radiation (A = 1.54 A). Radiography was
performed with focusing according to the Bragg—
Brentano method. The diffraction patterns were
recorded in the range of angles 26: 20-90° with a
step of 0.05°, a shooting rate of 2 deg/min at a
voltage of 35 kV and a current of 20 mA. The PDF 2
database was used for phase analysis.

Tribological tests

To measure the tribological characteristics of
TiAICN and TiTaCN, coatings were deposited on the
surface of a substrate made of VT1-0 titanium and
AISI 304 steel with a diameter of 58 mm. The
tribological characteristics of the coatings were
measured in the ball-on-disk sliding friction mode
on a TRB® tribometer (CSM Instruments, Pese,
Switzerland) at room temperature in friction
conditions with and without lubrication. Test
parameters in friction without lubrication: speed of
movement of the sample surface relative to the
counterbody — 1 cm/s, load — 2 N, the radius of the
wear track — 4 mm, friction path — 300 m, data
acquisition rate — 50 Hz, a ball of SisNs was used as a
counterbody 6 mm in diameter.

Under lubricated friction conditions, TM-5-18

APl GL-5 gear oil was used. Test parameters in
friction with lubrication: speed of movement of the
sample surface relative to the counterbody — 1
cm/s, load — 5 N, the radius of the wear track — 27
mm, friction path — 17500 m (200000 cycles), data
acquisition rate — 50 Hz, as a counterbody a ball
made of steel grade ShH15 (SUJ2) with a diameter
of 3 mm was used. Test conditions are following
international standards ASTM G99-959. The wear
given in the work was calculated from the
volumetric wear of the coatings during tribological
tests. To do this, using a profilometer brand 130
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(Proton, Zelenograd, Russia) measured the cross-
sectional area of the wear track. Next, the wear rate
was calculated according to formulas 1 and 2.
Quantitatively, the loss of volume during wear is
carried out according to the formula:

e sample volume loss, (mm?)
AV=S:1 (1)
The wear |/ given in the work was calculated
using the volume loss during the test AV for the
values of the run N and the applied load P:

I=AV/N-P (2)

Optical microscopy was used to take pictures of
the wear tracks after the tribological test.

Research results

Morphology and composition of coatings

The surface morphology of the coating and the
thickness of the coatings was measured by SEM and
optical microscopy, respectively. Figure 2 shows

that the coating material was evenly distributed
over the surface of the steel substrate. The
morphology of the coatings has a smooth and dense
structure without visible chips and cracks. It can be
seen from the image that dome-shaped nuclei are
locally located on the surface of the samples. All
deposited MS coatings showed a similar surface
structure, and no significant changes were observed
after alloying with aluminum and tantalum.
According to the results of optical microscopy, it
was determined that the TIiAICN-1, TiAICN-2,
TiTaCN-1, TiTaCN-2 coatings have an average
thickness of 2.30, 1.40, 2.56, and 2.23 um,
respectively. When coatings are deposited in an
acetylene flow of 3.4 sccm, the thicknesses of the
coatings are approximately similar in both cases
(2.30 and 2.56 um), while at a flow of 4.6 sccm, the
difference is noticeably greater (1.40 and 2.23 um).
One of the reasons for these changes in thickness is
the sputtering coefficients of aluminum and

tantalum under the action of working gas ions.

Table 2 shows the composition of the TiAICN
and TiTaCN coatings deposited at different flows of
the reaction gases of acetylene and nitrogen. The
concentration of Al and Ta in the deposited coatings
undergoes insignificant changes in the range from ~
4.8 t0 6.7 at. %. Also, titanium in all coatings
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Figure 2 — SEM images of the morphology and optical images of the thickness of the cross sections of samples:
(a) TIAICN-1 surface, (b) TIAICN-1 thickness, (c) TiIAICN-2 surface, (d) TiIAICN-2 thickness, (e) surface TiTaCN-1,
(f) TiTaCN-1 thickness, (g) TiTaCN-2 surface, (h) TiTaCN-2 thickness

Table 2 - Elemental composition and (C+N)/(sum of metals) of deposited coatings

Coating Elemental composition of deposited coatings, at.% (C+N)/(sum of
Ti Al Ta C N metals)
TiAICN-1 31.6 4.8 - 21.1 42.5 1.75
TIAICN-2 36.7 5.5 - 29.9 27.9 1.37
TiTaCN-1 32,9 6.7 19.5 40.9 184
TiTaCN-2 31.5 6.4 24.5 37.6 1.97

showed only small changes in the region of 31-37
at. %. It is interesting to note that carbon content
only in the TiAICN-2 coating is closer to 30 at. %, in
other coatings it is stable within 19-24 at. %, this in
turn has the opposite effect on nitrogen. The ratio
(C+N)/(sum of metals) for TIAICN coatings decreases
from 1.75 to 1.37 with increasing acetylene flow,
and in the case of TiTaCN coating, it increases from
1.84t0 1.97.

The phase composition of the deposited
coatings was analyzed using X-ray phase analysis.
Figure 3 shows the results of the analysis of all
obtained coatings. As shown in the X-ray diffraction

patterns, the TIiAICN coatings consist of several
phases with preferred orientations in the [100] and
[200] directions, and in the case of TiTaCN coatings,
in the direction [111] and [200]. In TiAICN coatings,
X-ray diffraction patterns show peaks of
carbonitride and nitride phases, such as Ti,CN,
TiCo,sNo,lz, (TiN)o,gs, TizAl(No,sCo,s) and Ti(Co,25N0,75). In
the TiTaCN coatings, phases consisting of
Tao,47Tio,53No,47Co,53, TiC0,495N0,502, TaTiNz, (TaTi)Cz and
TaCosNoswere identified in the X-ray diffraction
patterns. As the rate of C;H; flow into the TiTaCN-2
coating increases, an additional peak appears,
indicating the presence of the (TaTi)C; phase.
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Figure 3 - Results of phase analysis of coatings: (a) TIAICN, (b) TiTaCN
Tribological testing of coatings with the averaged value of all deposited TiAICN and

The friction wear test was performed under TiTaCN coatings obtained at different flows of

friction conditions with and

without lubrication. carbon-containing gas. The TiAICN-2 coating shows

According to friction conditions without lubrication, the lowest and most stable CoF compared to other
where the coatings were tested on the surface of a  coatings. TIiAICN-1 and TiTaCN-2 coatings in the
titanium substrate with a diameter of 58 mm. friction area from 0 to 150 m are characterized by

Figure 4 shows the coefficient
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Figure 4 - CoF coatings with an average value obtained under friction conditions without lubrication
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Figure 6 - Wear rates of the studied coatings in two friction conditions

In the case of testing under lubricated friction
conditions, very low CoFs were recorded. The
results of these tests are presented in Figure 5,
where the coatings were tested on the surface of a
steel substrate with a diameter of 58 mm. TiAICN-1
and TiTaCN-2, which had CoF of 0.0015 and 0.0043,
had the smallest CoF among the studied coatings.
After them, there is a coating of TiTaCN-1. The
TiAICN-2 coating had the highest CoF value of 0.081,
although this coating under friction condition
without lubrication showed the best result with a
low CoF. In general, when the friction test enters a

relatively stable stage, all coatings show a stable
CoF value with rare small fluctuations.

Figure 6 shows the wear rates of all coatings
under frictional wear conditions with and without
lubrication. To compare the results, the wear test of
the coatings in each medium was carried out under
the same conditions in the ball-on-disk system. The
results under friction conditions without lubrication
show a spread in wear rate (WR) from 5.5 x 10 to
1.3 x 10° mm3/Nm. When tested under friction
conditions with lubrication, the coatings wore out
much lower due to the lubricating medium with WR
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from 7.4 x 10° to 2.2 x 10°® mm?3/Nm. In the case of
the TIiAICN coating, WR decreases with an increase
in the carbon content in the TiAICN coatings due to
an increase in the C;H; flux during the deposition
process and reaches the lowest value among the
studied coatings (7.4 x 10° mm3/Nm). With respect
to TiTaCN coatings, WR increases with an increase
in the carbon content in the composition. This was
probably caused by the low hardness of the TiTaCN-
2 coating.

Research discussions

An increase in the acetylene flow from 3.4 to
4.6 sccm leads to an increase in the carbon
concentration and a change in nitrogen composition
in the deposited coatings. The interaction between
C and N atoms can also contribute to a nonlinear
change in the C content, as described in [[24], [25]].
It is known that the ratio (C + N)/(sum of metals)
should tend to 1, however, there are works where
the ratio is higher than unity. In particular, in our
previous work [23], a TiZrCN coating with a
(C+N)/(Ti+Zr) ratio of 2.04 characterized by the
highest wear resistance among the studied
coatings. Also, other works show high abrasion
resistance of coatings with a ratio greater than one:
(C+N)/(Ti+Al) up to 1.75 [26], (C+N)/(Zr+Hf) [27] up
to 3.1.

The phase composition of the TIiAICN-1 and
TiAICN-2 coatings differs in that Ti(Co25No.7s)
transforms into TiCosNo12 as the C;H; flow rate
increases due to the difference in the elemental
composition. In addition, the half-width of the
peaks shows that with an increase in the carbon
content, the probability of the formation of an
amorphous phase increases, which contributes to a
decrease in crystallinity. If the concentration of C
exceeds its solid state solubility in the crystalline
phase, excess C will begin to form a carbon-rich
amorphous phase [28]. In the case of TiTaCN, no
broadening of the half-width of the peaks is
observed, i.e.,, there is no decrease in the
crystallinity of the coating, as in TiAICN-2.
Apparently, the carbon content was not excessive
(24.5 at %) for the formation of a carbon-rich
amorphous phase.

As can be seen from the friction results without
lubrication, the TiAICN-2 coating has the lowest and
most stable CoF compared to the other coatings,
indicating that this coating has low friction
resistance [[29-32]]. In addition, low CoF can be

ISSN-L 2616-6445, ISSN 2224-5243

associated with the formation of debris in the wear
track, which leads to the subsequent formation of a
lubricating transition layer, mainly due to an
increase in carbon sp? [33]. Moreover, the
elemental and phase composition of this coating
has the highest carbon content. With the TiTaCN-2
coating, one can observe a significant increase at
the beginning of the test and a subsequent gradual
drop in CoF, which is related to the run-in period.
The running-in period can be characterized by
grinding of the roughness peaks on the coating
surfaces [[34], [35]]. A possible reason for the sharp
increase in CoF for TiAICN-1 and TiTaCN-2 coatings
may be related to the onset of the degradation
process, although no serious damage to the coating
was observed after testing. Summarizing the results
of CoF, we can say that an increase in the acetylene
flow during the deposition of carbonitride films
leads at least to a decrease in CoF in friction
without lubrication. The presence of amorphous
carbon in composite films can significantly reduce
the friction coefficient [36].

In the case of testing under friction conditions
with lubrication, CoF has significantly lower values
compared to the results of CoF in conditions
without lubrication. Such a difference in the results
depends on many factors: tribochemical processes
during abrasion, counterbody material, lubricating
medium, load, etc. As a rule, the friction parameters
on the contact surface is largely determined by the
physical state of the contact surface and the
chemical interactions between the sliding surfaces
and the environment. medium [37]. As can be seen
in Figures 4 and 5, the frictional behavior of the
deposited coatings under friction conditions
without lubrication was more unstable with sharp
jumps or a decrease in CoF after running in, and
under friction conditions with lubrication, CoF of
tribo-pairs showed the most stable performance
with small jumps.

It has been determined that an increase in the
C;H, flow during MS deposition leads to a decrease
in the WR of the coating. Since, according to the
graph in Figure 6, it can be seen that the TiAICN-2
and TiTaCN-2 coatings have low WR in friction
without lubrication compared to the results of the
TiAICN-1 and TiTaCN-1 coatings. One of the reasons
for the decrease in WR with an increase in the
carbon content in the coatings can be associated
with formation of a thin lubricating tribolayer
formed upon contact of friction bodies. This is
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Figure 7 - Deformation of the surface of the substrate coated with TIAICN-2 after a friction test with lubrication

mainly due to the increase in carbon sp? [33]. In a
tribological test with respect to steel ShKh15 (SUJ2)
under lubricated friction conditions, the deposited
coatings showed completely different WR results
compared to the test without lubrication. When
sliding along a steel ball-coating scheme, the
change in the tribological characteristics of the
coatings was strongly influenced by the difference
in hardness between the ball and the coating. In
most cases, in the wear track, the coating was
“punched” along with the surface of the substrate
material. Figure 7 shows the local deformation
caused by the action of the counterbody on the
surface of the substrate through the coating, which
occurred when testing the TiAICN-2 coating with
lubrication.

Summarizing the results of tribological testing in
the two studied mediums, we can say that after the
completion of the tests, no obvious destruction of
the deposited coatings was observed. The clear
favorite among all obtained coatings is the TiAICN-2
coating with WR 7.4 x 10° mm3/Nm under friction
conditions with lubrication and 5.5 x 10® mm3/Nm
under friction conditions without lubrication. The
difference and scatter of all wear rate results can
also be related to the thickness of the coating. As is
known that with an increase in the thickness of the
coating of the resulting MS, the adhesion strength
to the substrate decreases, which negatively affects
the tribological characteristics. But the residual
stress of the resulting coatings can also be of great
importance, even if they cannot be quantified for
the studies given. Thus, Al alloying of titanium
carbonitride coatings can increase the service life of
machine parts and mechanisms operating under
friction and wear conditions than Ta alloying.

Although it should be noted that the TiTaCN-1
coating also had good wear resistance.

Conclusions

In this work, TiAICN and TiTaCN coatings were
deposited by reactive magnetron sputtering in an
argon-acetylene-nitrogen atmosphere. The carbon
content of the coatings varied with the acetylene
flow, which in turn affected the nitrogen content.
The resulting coatings had a dense structure with
thicknesses from 1.4 to 2.5 um with a
stoichiometric ratio (C+N)/(sum of metals) from
1.37 to 1.97. It has been determined that
carbonitride phases are formed in TiAICN coatings
with preferential orientation in the [100] and [200]
directions and the case of TiTaCN coatings [111] and
[200] directions. The average coefficient of friction
of the coating under friction without lubrication
varied in the range of 0.13-0.85 and under friction
with lubrication in the range of 0.0015-0.081. It has
been established that an increase in the flow of
acetylene during the deposition of TIAICN and
TiTaCN coatings leads at least to a decrease in CoF
and WR during friction without lubrication. In the
case of tribological testing under lubricated friction
conditions, it was found that an increase in the
carbon content in the TIiAICN coatings due to an
increase in the C,H, flux during the deposition
process contributes to a decrease in WR. In relation
to TiTaCN coatings, WR increases, probably due to
the low hardness of the coating and insufficient
content of carbon amorphous phases.

Thus, alloying titanium carbonitride (TiAICN-2)
coatings with aluminum can increase the service life
of parts of machines and mechanisms operating
under friction conditions, since such coatings
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TYRIHAEME

©T1neni metann KapbOHWUTPUATEPiHIH, YMKenic neH To3y Xblidamaplfbl KO3GOULMEHTTEpPIHIH,
TemeH 60nybl, onapapl MexaHWKanblK YWKenic neH To3y canacbiHAa KongaHyga TanTblpmac
maTtepuan etegi. Ta xkaHe Al neripaeHreH TMTaH KapboHUTPUAiIHE HeridgenreH abblHaap TUTaH
VT1-0 koHe AISI 304 6eTiHAe peaKTMBTI MarHeTPOHAb! LWAWbIPaTy apKblibl TO3aHAATbINAbI.
abbIHAbIHBIH,  KYPbIIbIMbIHA  KOHE KypamblHa, TpWOONOTUANBIK KacueTTepiHe TUTaH
KapboHuTpuaiH Ta kaHe Al KocnanapbiMeH neripaey XaHe To3aHAaTy KesiHAe auetusieH
afblHbIHbIH, acepnepi 3eptrengi. TIAICN xaHe TiTaCN kabblHAapbl TyPaKTbl aproH ¥KaHe a3oT
afblHAApPbIMEH Bipre apTyp/i aLeTUNeH afblHAAPbIHAA TO3aHAATbINABI. ANbliHFaH KabblHAAPAbI
3epTTey YLWiH CKaHepAaeyLli 3N1eKTPOHAbI MUKPOCKOMUA, ONTUKANbIK MUKPOCKONWUA, PEHTIeHAiK
daszanblK Tangay KaHe eKi opTagafbl CbIpFbiManbl TO3y CblHafbl (AWCKTeri Wwap aaici)
KOoNZaHbInabl. Kypfak yiKenic KafaanbiHaa abblHHbIH, opTawa yikenic koadouumenTi 0,13-
0,85 »kaHe mainbl yiikenic afgavbiHga 0,0015-0,081 apanbifbiHAa e3repi. To3y XKblagamablfbl
TypFbicbiHaH TIAICN-2 ayaga skaHe maliibl opTaga TO3yFa eH Te3iMAi abblH eKeHi aHbIKTanabl.
ANblHFaH »KabblHO4Ap YMKenic neH TOo3yfa YWbIPalTbiH MawwuHa 6GenleKTepiHiH Hemece
KypangapablH, KopfFaHblWbl peTiHae nainaanbl 601ybl MYMKIH.

TyliiH ce30ep: TuTaH KapbOHWUTPUAi, MarHeTpoHAbl LWalblpaTty, Jferipaey, yikenic
K03 PULMEHTI, TO3Y KblNgaMabIfbl, TO3yFa TOIIMAINIK.
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AHHOTALMUA

Huskre KoapdULMEHTbI TPEHWUA UM CKOPOCTU M3HOCA KapOOHUTPUAOB NEPEXOAHbIX MeTannoB
AeNatoT UX OTIMYHBIMU KaHAMAATaMM ANA NPUMEHeEHNA B 061acTAX TPpeHWA 1 n3Hoca. MoKpbITUA
Ha ocHoBe KapboHWTpuaa TUTaHa nermposaHHble Ta u Al 6bIM HaHeceHbl C MCNoAb30BaHMEM
MeTofa PeakTUBHOIO MarHeTPOHHOro PacnblieHNA Ha MOBEPXHOCTb TuTaHa BT1-0 u AISI 304.
MccnepoBaHo BAMAHWE NerMposaHua KapboHWUTpuAa TuTaHa Ta u Al M noToka aueTuneHa B

Noctynuna: 9 aHeapa 2023 npoLecce OCaAEHWA Ha CTPYKTYpy, COCTaB M TpMBONOrMYEecKMe CBOMCTBA MOKPbLITUA.
PeueHsupoBaHue: 13 ¢pespana 2023 Ocaxkganucb TIAICN m TiTaCN noKpbITUS B pasHbIX NOTOKaX aLeTUIeHa Hapaay CO CTabuUabHbIMM
MpuHAaTa B Nevats: 24 mapma 2023 NoTOKaMM aproHa v asota. [lnA WMCcCieaoBaHWA MOYHYEHHbIX MOKPbLITMIA MCMOb30BaNNCh

CKaHMPYIOLLAA 3/1EKTPOHHAA MMUKPOCKONWA, ONTUYECKas MMUKPOCKONWA, pPeHTreHodasoBbIi
aHaNM3 M UCMbITaHME Ha U3HOC MPU CKOIbXXEHUN (METOZ, Wap Ha AMCKe) B ABYX cpedax. CpeaHuin
K03pPULMEHT TPEHUA NOKPBITUA B YCIOBUAX CYXOro TPEHWA BapbMpoBasach B AuanasoHe 0.13-
0.85 1 B ycnoBUAX MacnaHHOro TpeHusa B guanasoHe 0.0015-0.081. C TOYKM 3peHMA CKOPOCTH
M3HOCa NOKa3aHo, YTo Hanbonee M3HOCOCTOMKUM MOKPLITUEM Ha BO3AyXe U B MAaC/lIeHHOM cpeae
anaerca TIAICN-2. MonyyeHHble NOKPLITUA MOFYT 6biTb MNO/ME3Hbl B KayecTBe 3aluTbl ANA
LeTaneit MalmuH AN UHCTPYMEHTOB, KOTOPbIE NOABEPraloTCA K TPEHUIO U U3HOCY.

Kniouesble cnoea: KapboOHWUTPUA, TWTaHa, MArHETPOHHOE pacnblieHne, nernposaHue,
K03pPULMEHT TPEHUA, CKOPOCTb N3HOCA, U3HOCOCTOMKOCTD.
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