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Using high-technological vacuum-arc evaporation in the atmosphere of nitrogen with ion bombardment, single-
and multilayer coatings based on TiAISiYN with high mechanical characteristics were obtained: hardness of the
coatings reached 49.5 GPA, resistance to wear, with the value of the critical point Lcs reaching 184.92 N. The
peculiarities of radiation-induced effect at applying bias potential U, were found: formation of nitride coatings based
on fcc metallic lattice with the preferred orientation of crystallites with the texture axis [111], as well as
simultaneous growth of hardness. Hardness of both single- and multilayer coatings increases by 40-50 % at the
increase of U, from 50 to 200 V. Formation of silicon-containing layers of TiAISiYN during the deposition
contributes to reaching increased hardness, which, in the case of single-layer coating obtained at U, = -200 V is
49.5 GPA, which corresponds to super hard state. The mechanisms of structure formation, defining the resulting
mechanical characteristics of single- and multi-layer coatings based on TiAISiYN nitride have been discussed.

INTRODUCTION

Over the past decade, there has been an increased
interest to nanostructured materials produced by the
vacuum- arc evaporation of metals in the atmosphere of
nitrogen [1, 2]. This interest is determined by improving
mechanical properties with the decrease of the size of
crystallites [3.4]. In vacuum-arc nitride coatings, this
effect was most thoroughly studied for single phase TiN
material [5]. The obtaining of multielement TiAIN
coating on the basis of Titanium Nitride afforded to
greatly simplify reaching the nanostructured state and at
the same time to increase corrosion strength and wear
resistance [6, 7]. Creation of TiAIN coatings showed
that by means of introducing new elements and
formation of multielement nitrides during this, it is
possible to controllably enhance functional properties
[8], and at the same time the transition to nanostructured
state determines the necessity of tough bonds on the
boundaries of crystallites to prevent grain boundary
sliding and growth of grains at increased temperatures
[9]. For this in some cases artificially created
nanostructures, obtained by alternating nitride layers are
used [10]. A new way of creation of these type of
materials has become obtaining of composites by means
of lamination during the dissolution of the
thermodynamically unbalanced state of the solid
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solution at addition of Si as a constituent [11, 12]. This
led to the creation of a whole row of highly rigid
materials [13-16]. Silicon in these systems is poorly
dissolved, and such systems, over-saturated with Si,
tend to decay and form composites with high firmness
[17, 18].

In this regard, the most promising systems being
currently developed include Ti-Al-Si-N [19-21]. The
addition of Al component in these coatings led to
reassuring results in increased resilience to oxidation,
thermal stability and productivity at testing at high
speeds of the cutting instrument [22, 23].

Besides, the addition of yttrium atoms to the coating,
used in this study, must facilitate the increase the
resistance to oxidation due to the formation of YOx
phase at the borders of grains [24]. Apart from this, such
addition leads to fragmentation of grains and the loss of
columness of the structure of condensates, which is
important to resist wear by friction in the oxidizing
environment.

The aim of this work was studying of the effect of
bias potential and thickness of the formed layers (from
monolayer, with a thickness of 9 mcm to multilayer
with the thickness of layers 12...70 nm) on structure
and mechanical properties of vacuum-arc coatings based
on nitrides of TIAISIY alloys.
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METHODS OF SAMPLES OBTAINING
AND STUDYING

The samples with coatings were obtained by
vacuum-arc method on the modernized installation
“Bulat-6” [25]. Cathodes of the following composition
were made for deposition of multielement coatings: Ti —
58 at. %; Al—38at. %; Si—3at. %, Y - lat. %, and
Ti— 62 at. %; Cr — 38 at. %. The cathodes were sintered
on installation of spark plasma sintering SPS 25-10.

The addition of operating (nitrogen) atmosphere
during the deposition (Py) was 4.5 10°Torr. The coating
was deposited on the surface of steel 12X18H10T
specimens during 2 hours. This allowed obtaining a
coating with a total thickness of about 9 pm. Deposition
was carried out in both single-layer and multi-layer
modes. In the latter case, the coatings were obtained by
evaporating 2 cathodes (TiAISiY and TiCr) with a fixed
stopping time of 10, 20, or 40 seconds for each of the 2
cathodes. During the deposition process, a constant
negative potential of U, =-50, -200 or -500 V was
applied to the substrate. The arc current (I,) for both
types of cathodes was 100 A, and the focusing current
was 0.5 A. The main studies were carried out for the
coatings obtained at — U, = -200 V, the conditions of
obtaining of which are shown in Tabl. 1 (in the case of
Mode 5, a sublayer of titanium with a thickness of
50 nm was used).

Table 1
Cathodes material and parameters of evaporation and
deposition of the coatings with total thickness 9 um

Layer
Cathodes Uy, depositi | Number of
Material \Y on time, layers
S

1. TIAISiY 200 5400 single layer
2. TIAISIY .
with Ti sublayer 200 5400 single layer
3. TIAISIY/TiCr | 200 10 533
4. TIAISIY/TiCr | 200 20 270
5. TIAISIY/TiCr | 200 40 135

Phase and structural analysis was carried out on the
installation DRON-4 by means of X-ray diffractometry
method in Cu-k, irradiarion. For monochromatization of
the recorded radiation, a graphite monochromator,
which was installed in a secondary beam (before the
detector) was used. The study of the phase composition,
structures (texture, substructure) was performed using
traditional methods of X-ray diffractometry by
analysing the position, intensity, and shape of the
profiles of diffraction reflexes. The tables of the
International diffraction data center “Powder Diffraction
File” were used to decode the diffraction pattern.

The sub-structural characteristics (microdeformation
< ¢ > and the size of crystallites L) were determined by
means of approximation by changing of width of the
diffraction reflexes from several reflections degrees
[26].

The firmness was measured by means of
microindentation method with Vickers Diamond
Pyramid as an indenter at loads of 50 g. The study was
carried out on the device for microhardness testing
402MVD by Instron Wolpert Wilson Instruments.

The elemental composition of the coatings was
studied with by means of electron and ion scanning
microscope Quanta 200 3D, the topography of the
surface was studied at Nowa Nano SEM 450.

To measure adhesion strength and scratching
resistance, scratch-tester Revetest (CSM instruments)
was used. The scratches were made on the surface of the
coating by diamond spherical indenter "Rockwell S"
type, with a radius of curvature of 200 mcm, at a
continuously raising load. At the same time, the power
of the acoustic emission signal (AE) was detected,
friction coefficient and penetration depth of the
indenter, as well as normal load were recorded. In order
to obtain reliable results, three scratches were made on
the surface of each coated sample. The tests were
carried out under the following conditions: the load on
the indenter was increasing from 0.9 to 70 N, the speed
of moving the indenter was 1 mm/min, the length of the
scratch was 10 mm, the speed of applying the load was
6.91 N/min, the discrete frequency of the signal was
60 Hz, and the power of the acoustic emission of the
signal was 9 dB.

RESULTS AND DISCUSSION

Lateral sections were prepared and electron
microscope studies (Fig. 1) were used to determine the
thickness of layers obtained in this study at different
times of layer deposition. It can be seen that while
maintaining good planarity for all deposition conditions,
the average thickness of layers during the layer
deposition time of 10 seconds (series 3) is around 12 nm
(see Fig. 1,a), at the deposition time of one layer of
20 seconds (series 4) is around 32 nm (see Fig 1,b), and
at deposition time of the layer of 40 seconds (Series 5)
is about 70 nm (see Fig.1,c). Lower relative thickness of
growth in the coatings with the thinnest layers can be
explained by the large specific volume of the mixed
layers and larger relative error in determining the
deposition time of the layer. Therefore, it is correct to
carry out the most accurate determination of the
deposition speed on thick layers. The deposition speed
obtained in this manner is about 1.7 nm/s.



1um

b
Fig. 1. Lateral sections of multi-layer coatings obtained at the deposition time of the layer:
a—10s (series 3), b — 20 s (series 4), and b — 40 s (series 5)

Defining of elemental composition was carried out The results of element analysis of the coatings
by energy dispersion method. The characteristic spectra  obtained during the processing of spectra are shown in
obtained for single- and multi-layer coatings are shown  Tabl. 2.
in Fig. 2. Table 2
Data of elemental analysis of the coatings, obtained

at different U,

Series Content of elements, at. %

No. Ti Al Si Y Cr N
1 29.75 | 18.76 | 1.69 | 0.43 - 49.45
2 33.21 | 15.87 | 1.57 | 0.51 - 48.84
3 39.62 | 494 | 0.38 | 0.06 | 9.72 | 45.28
4 40.58 | 5.26 | 0.38 - 8.84 | 44.94
5 40.28 | 452 | 041 - 9.12 | 45.71

It is seen that the alteration of thickness of layers
(series 3-5) has little effect on the element composition.
However, the introduction of layers with chromium in
the multilayer coating leads to reduction of the relative
content of nitrogen atoms in the coating (compare 1, 2
and 3-5in Tabl. 2).

The obtained coatings consist of nitride phases based
on the fcc lattice, as evidenced by the XRD analysis
data (Fig. 3). Due to proximity of periods of presumably
two components of phases of multilayer coatings, their
spectra overlap. Planes in fcc lattice corresponding to
the diffraction peaks are marked in Figure 3.
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Fig. 3. Areas of X-ray diffraction spectra of the
coatings of Series 1 (Spectrum 1), Series 2
(Spectrum 2), Series 3 (Spectrum 3), Series 4
(Spectrum 4), and Series 5 (Spectrum 5)
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Fig. 2. Energy dispersion spectra of the coatings:
a— monolayer (series 1), b — multilayer (series 4)



The obtained specific peculiarity of the obtained
spectra should be noted — the shift in the positions of
peaks in multi-layer coatings towards large corners in
comparison with single-layers. As established in [27],
the cause of such shifts could be structural compressive
stresses on the interphase boundaries of multi-layer
coatings.

The formation of the preferred orientation of
crystallites with an axis of [111] perpendicular to the
plane of growth (which results in a relative increase in
the intensity of the peaks {111} in Figure 3) should be
also noted. Its degree of perfection decreases in the
multi-layer coatings. Also, the decrease of U, to -50 V
leads to the decrease of the degree of texturedness. In
case of the largest U, =-500V, a different type of
texture with an axis [110] is formed.

The most versatile criterion for mechanical
properties is hardness. Figure 4 shows the resulting data
for the hardness of different types of coatings. It can be
seen that the transition from single layer to multilayer
coatings is accompanied by a substantial decrease in
hardness.
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Fig. 4. Dependence of hardness of the coatings on the
value of bias potential for single-layer coatings (1);
multi-layer coatings with the period of 70 nm (2); with
the period of 32 nm (3), and 12 nm (4).

Taking proximity of structural states and phase
composition into account, the most accurate reason for
such decrease is formation of layers with no Si in multi-
layer coatings. Indeed, the standard hardness, reached in
nitrides of transition metals based on chrome is
25...30 GPa [28]. At the same time, the obtaining of
multielemental nitride coatings with silicon leads to a
significantly higher hardness [29]. Decomposition of

solid solutions formed during the deposition by
sinusoidal type, accompanied by the formation of the
composite material of high hardness [12], is considered
to be a reason of it, as mentioned at the beginning of the
study. Therefore, the hardness in the single-layer state
of the Silicon-containing system TIiAISiYN reaches
49.5 GPA.

It should also be noted that the decrease of U, from -
200 V to -50 V leads to a fall of hardness by 40...50%
for both single-layer and multilayer compositions.
Based on structural data, this decrease can be linked
with the transition from sharply textured state with the
preferred orientation of crystallites with the axis [111]
to the state with almost no texture at U, = -50 N.

Another important criterion for the coatings is their
adhesion strength. A scratch testing method was used in
this study to define the adhesion strength parameters. As
a result of the tests, friction coefficient for different
stages of wear, the amplitude of acoustic emission, and
the minimum (critical) loads were determined: L¢;
corresponds to the beginning of penetration of indenter
into the coating, Lc, — to the appearance of the first
crack, Lcs — to the appearance of agglomeration of
cracks, Lcs — to the delamination of certain areas of
coating, Lcs — to chip of the coating or its crack
resistance coating or its plastic wear to the substrate.

Fig. 5 shows dependence of alteration of friction
coefficient (Fc) and the amplitude of acoustic emission
(Ae) during scratch testing with an increasing load up to
190 N. It can be seen that acoustic emission for all types
of coatings is homogeneous with no extreme peaks,
which is corresponds to wear with no brittle fracture.
Along with this, in a single-layer coating in a
sufficiently narrow load area, the process of cracks
accumulation and local laminating (Lc,) takes place,
and the large area corresponds to wear of the coating
down to the substrate (Lcs-Lcs). In multi-layer
coatings, the area is significantly increased to Lcs. With
the reduction of the period, this change becomes more
significant. The friction coefficient at the area L, - Lcs
for all systems is about 0.45.

Fig. 6 shows wear grooves in the areas of critical
points during load. It is seen that the transition from
single-layer coating to multilayer does not lead to
qualitative changes in the wear type. Wear in all the
areas is uniform, with no explicit chips, which typifies
plastic wear. This pattern of wear and tear is observed
until the coating is completely worn down to the
substrate (see Fig. 6, series Lcs).
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Fig. 5. Changes of the values of the friction coefficient KT (spectrum 1, left scale) and the amplitude of acoustic
emission Ae (spectrum 2, right scale) for the coatings, obtained at U, = -200 V: a — single-layer (series 1);
b — multilayer with the biggest period (series 5); ¢ — multi-layer with the smallest period (series 3)
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Fig. 6. Wear grooves in the areas of critical points at a load L for the coatings, obtained at U, = -200 V:
a — single-layer (series 1); b —multilayer with the biggest period (series 5);
¢ — multi-layer with the smallest period (series 3)



Tabl. 3 summarizes the results of defining of critical
points during loading. It can be seen that single-layer
coatings (series 1 and 2), as well as multiperiod coatings
with a large period (series 4 and 5), have the highest
values of Lcs, wich is the evidence of their great
efficiency.

Table 3
Critical points L at loading the coatings
of different series

. Lc N
Series No. -
1 2 3 4 5
1 561 ] 9.32 | 18.92 | 34.08 | 184.92
2 6.8511.17 | 24.36 | 62.19 | 182.78
3 5.68 | 25.51 | 40.79 | 125.51 | 173.87
4 5.38 | 25.36 | 58.33 | 100.52 | 184.87
5 7.05128.93 | 54.19 | 110.81 | 183.88

At the same time, the initial destruction of multilayer
coatings occurs at much higher loads compared with
single layers. The reason for such increase in the initial
destruction in multi-layer systems is the stop of
spreading of cracking development of on interphase
boundaries and relaxation of deformation [30].

CONCLUSION

1. Vacuum arc coatings based on TiAISiYN nitride
have high mechanical properties: hardness reaching
49.5 GPA and wear resistance with the value of the
critical point L¢s reaching 184.92 N.

2. The influence of applied negative bias potential
at the deposition affects the formation of the preferred
orientation of crystallites: at increase of U, to -200 V
the perfection of the structure of nitrides of the coating
with the axis [111] at the metal fcc crystal lattice.

3. The appearance of a texture with an axis [111] is
accompanied by a relative increase in hardness of
40...50%, in both single-layer and multi-layer
compositions.

4. Formation of silicon-containing layers of
TIAISIYN during the deposition contributes to reaching
increased hardness, which, in the case of single-layer
coating obtained at U, = -200 V is 49.5 GPA, which
corresponds to super hard state.
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O/ITHOCJIOMHBIE U MHOT'OCJIOMHBIE BAKYYMHO-IYT'OBBIE IOKPBITUS HA
OCHOBE HUTPHUJIA TIALSIYN: COCTAB, CTPYKTYPA, CBOMCTBA

B.M. Bepecnes, O.B. Cooonw, A./1. Ilocpeonak, C.B. lumoeuenxo, O.H. Hsanos, Y.C. Hemuenko,
I1.A. Cpeonwk, A.A. Meiinexos, A.E. bapmun, B.A. Cmonboeoit, B.JO. Hosuxoe, b.A. Ma3unun,
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Hcnonb3yss  BBICOKOTEXHOJIOTHYHOE BaKyyMHO-IyrOBOE€ HCIAapeHHEe B arMocepe aszora C HOHHOM
00MOapIUPOBKOM, TONYYMIH OJHOCIONHBEIE M MHOTOCIOHHBIE MOKpHITHA Ha ocHoBe TiAlSiYN ¢ BBICOKHMHU
MEXaHMYECKHUMH XapaKTEePUCTUKAMH: TBEPAOCThIO, nocturaromiei 49,5 I'Tla; cTOHKOCThIO K M3HOCY C BETUIHMHON
KpUTHYECKOW TOYKH Lcs, mocturaromei 184,92 H. BoisiBieHb 0COOCHHOCTH PaHallMOHHO-CTUMYJIHUPOBAHHOTO
BO3ZCHUCTBUS TpH Mojade MoTeHnuana cmemeHust Ug,: (opMHpOBaHWE B HUTPUAAX MOKPHITUH Ha OCHOBE
Metayumaeckoit ['TIK-pemeTkn mpenMymecTBeHHOW OpHEHTANN KPHUCTAJUIUTOB € OChI0 TeKCcTypseI [111], a Taxxke
yBeIMUYeHUe Tpu d3ToM TBepaocTu. [lpu yBemmuenun U, ot 50 g0 200 B TBepmocTh Kak OAHOCIOWHBIX, TaK U
MHOTOCJIONHBIX NOKpbITUN mnoBbimaerca Ha 40...50%. dopMupoBaHHe NpPU OCAXKACHUM KPEMHHUICOAEPIKAIIUX
cnoeB TiAlISiYN crnocoOcTByeT IOCTHIKEHHIO IOBBIIIEHHOH TBEPAOCTH, KOTOpas B Cilydae OJHOCIOHHOTO
nokpbIThs, copmupoBannoro mpu U, =-200 B, cocraBmser 49,5 I'Tla, 4TO COOTBETCTBYET CBEpXTBEPAOMY
coctostHAI0. OOCYK/IeHbl MEXaHHW3MBl (POPMHUPOBAHMS CTPYKTYPHI, ONpPEIEISIONINe IT0JydeHHbIE MEXaHWYeCKHe
XapaKTEePUCTUKHU OJHOCIOWHBIX M MHOTOCIOHHBIX MOKPHITHH Ha ocHOBe HUTpHaa TiAISiYN



OJJHOIIAPOBI I BA'ATOIHNAPOBI BAKYYMHO-AYI'OBI HOKPUTTS HA OCHOBI
HITPUAY TiAISiYN: CKUIAL, CTPYKTYPA, BJIACTUBOCTI

B.M. Bepecnes, 0.B. Cooonv, A /1. Ilozpeonsax, C.B. lumosuenxo, O.M. Isanos, ¥.C. Hemuenko,
II.A. Cpeonwk, A.A. Meiinexoe, A.E. bapmin, B.A. Cmonéosuii, B.JO. Hosixose, b.A. Ma3sinin,
O.B. Kpiyuna, T.A. Cepenxo, JI.B. Manikog

3 BHKOPUCTaHHSM BHCOKOTEXHOJIOTIYHOTO BaKyyMHO-JyTrOBOTO BHIIAPOBYBaHHS B arMocdepi a3oTy 3 iOHHUM
GombapayBaHHsAM OyiaM OTpUMaHi OJHOMIAPOBi i GararomapoBi mokpurtss Ha ocHoBi TIAISIYN 3 BucokuMHU
MEXaHIYHUMH XapaKTepPUCTHKAMH: TBEpAicTIo, mo gocsrae 49,5 I'Tla; CTIHKICTIO IO 3HOIIYBaHHS 3 BEIHYWHOIO
KpUTHIHOI TOUKH Lcs, mo mocsrae 184,92 H. BusBneHO 0c0OONMMBOCTI panxiariiiHO-CTUMYJIBOBAHOTO BIUIMBY ITIPH
mojadi moTeHmiany 3mimeHHS U,,: ¢opMyBaHHS B HITpHOaxX NHOKPHUTTIB Ha ocHOBI MertaneBux [ 1[K-rpaTox
MepeBaXHOI OpieHTamii KpUCTaNiTiB 3 Biccio TekcTypw [111], a Takox 30UIBIIEHHS TpU IBOMY TBepAocTi. [Ipm
30impmenni U, Bin 50 mo 200 B TBepzicTh SK OJHOMIAPOBHX, TaK i 0araTOMIapOBHX IOKPHTTIB MiABHIIYETHCS Ha
40...50%. ®opmyBanHs mpu ocamkenHi wapie TIAISIYN, mo MicTsaTe KpeMHil, Cripusie JOCATHEHHIO MiJBHIICHOT
TBEPAOCTI, sIKa B OJHOIIAPOBOT0 MOKPUTTS, oTpuManoro npu U,, =-200 B, cranosuts 49,5 I'Tla, mo Bianosigae
HaaTBepioMy craHy. OOroBopeHo MexaHi3MH (OPMYBaHHS CTPYKTYpH, IIO BH3HAya€ OTPUMAaHI MeXaHi4yHi
XapaKTePUCTHUKH OJHOIIAPOBHUX i 6araTomrapoBux NOKPUTTIB Ha 0cHOBI HiTpumy TIAISIYN.



