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Synthesis of multicomponent nanocrystalline coatings based
on titanium nitride in arc low-pressure discharges

The paper considers peculiarities of ion-plasma equipment and treatment of materials in vacuum arc dis-
charges. The advantages and the prospects of the modified ion plasma setup used for coating deposition are
described. The parameters of generated arc gas and gas-metal plasma were measured and presented. JDepend-
ences of metal material surface properties on gas-discharge plasma parameters are revealed. Vacuum arc
plasma-assisted deposition of multicomponent nanocrystalline coatings based on titanium nitride is presented.
The effect of added elements on the structural phase state and characteristics of titanium nitride-based ‘coat-
ings is demonstrated.
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Introduction

At present, multicomponent functional coatings are obtained by varipus physical vapor deposition
methods: magnetron sputtering [1, 2], vacuum arc deposition [8¢4]{ hybrid methods [5, 6] with simultaneous
use of ion sources, magnetrons, electric arc evaporators, etc. Researchers involved with coating synthesis
also supplement deposition equipment with various devices to,inctease the efficiency of deposition or mini-
mize its shortcomings, e.g., with gas discharge or metal ion plasma soeurces, electron guns, independent heat-
ing and cooling systems of substrates, bias voltage suppli€s,\plasma filters, plasma optics or focusing sys-
tems, cathodes of various designs or complex compoSitiom[7=11], etc.

Modification and improvement of related equipment and technology makes possible multicomponent
nanocrystalline coatings with unique physicom€chanicalgand service properties: super- and ultrahardness 40—
100 GPa, low friction coefficient <0.2, high [degreeof elastic recovery 80-94 %, elastic strain >10 %, high
rupture strength 1040 GPa [12], and high thermalstability up to 1700°C [13].

In the work, multicomponent narfocrystalline coatings were synthesized by vacuum arc plasma-assisted
deposition in which the metal component of‘the plasma is formed on evaporation of the cathode material
from cathode spots of an arc disGharge and ionized reactive gas (nitrogen) is supplied to the working zone.
This method offers the folleWing Significant advantages over other methods: (1) wide operating pressure
range (107" ... 107 Pa); (2)thighonization degree (20100 %); (3) possibility to use almost all metals, al-
loys, and composites agfthéecathode material; and (4) high coating growth rate (~10 pm/h) [14]. For increas-
ing the characteristics lof deposited coatings, the available ion plasma setup was equipped with a gas dis-
charge plasma soufee, albias'voltage supply operating in steady and pulsed modes, an electric arc evaporator
with enhanced€athode€cooling, composite cathodes of complex composition, etc.

In the paperiinvestigations of the operating parameters of the modified vacuum arc setup, research of
parameters ofsgenerated gas, metal and gas-metal plasma, synthesis of multipurpose nanocrystalline coatings
with high‘physicomechanical properties, and examination of these properties are considered.

Equipment and its peculiarities

In experiments, a TRIO automated vacuum ion plasma setup (Fig. 1) was used to study the generation
of dense low-temperature plasma on vacuum arc evaporation of cathodes of complex composition and the
plasma parameters for synthesis of multicomponent nanocrystalline coatings. The main units of the setup are
a modified DI-100 electric arc evaporator with enhanced cathode cooling, a standard NNV6-I1 electric arc
evaporator, an original PINK filament plasma source [15, 16], and a bias voltage supply operating in both
steady and pulsed modes. For the evaporated cathode material we used sintered Ti-Cu, Ti-Al, and Ti-Si
composites made at the Institute of Strength Physics and Materials Science SB RAS [17].
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The modifications of the deposition setup made it possible to considerably increase the efficiency of ion
plasma cleaning and activation of substrate surfaces, nitriding of steels and alloys, and electric arc plasma-
assisted synthesis of functional coatings in a single vacuum cycle.

b)

Figure 1. View of ion-plasma setup «TRIO» (a) and po supplyunit with PC control (b)

First, the modified electric arc evaporator DI-100
arc plasma compared to widely used arc evaporators_g

lowed more efficient generation of metal
6 and Bulat setups; namely, a change in the
hode surface area from 28 % (NNV-6) and

30 % (Bulat) to 80 %, thereby greatly decreasing it: temperature during vacuum arc evaporation. As
a result, the droplet fraction in the plasma flo cercased. For example, in Ti coating deposition with a
standard NNV-6 electric arc evaporator at 100 A and deposition time of 10 min, the volume
fraction of macroparticles in the coating times larger than that ensured with the DI-100 evapora-
tor at the same parameters. The avera plet size in both cases is almost the same and is 0.7 pm. As the
DI-100 evaporator was changed fo -6 evaporator, the amount of macroparticles increased 2—3

times.

Figure 2. Model of modified arc evaporator DI-100

One more design peculiarity of the DI-100 arc evaporator is the possibility to employ evaporated cath-
odes made of porous materials (e.g., silumin or materials obtained by self-propagating high-temperature syn-
thesis (SHS)), which is impossible with standard arc evaporators. Besides, a copper diaphragm of thickness
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0.5 mm is placed between the evaporated cathode and its water cooling system, ensuring rather efficient
cooling and precluding direct contact of cooling water with the cathode.

It should be noted that the DI-100 source is intended for use in industrial technological processes of
coating synthesis: the diameter of the working cathode is 100 mm and its height is # = 50-60 mm, i.e., the
volume of the working cathode material is 2—4 times larger than that for NNV-6 and Bulat setups; the maxi-
mum discharge current is increased to 250 A making possible a coating growth rate up to 20 um/h. Fig. 3
shows the growth rate distribution of a TiN coating for the standard and modified arc evaporators along the
axis of the chamber located 300 mm away from the cathode surface. It is seen that within the plasma spread
angle, the deposition uniformity varies but slightly (15-20 %) for both arc evaporators; however, the ayerage
coating growth rate for the DI-100 evaporator is 1.5-2 times higher than that for the standard NNV-6 plasma
source.
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Figure 3. Growth rate distribution of a TiN coating,along the axis of the vacuum chamber for a standard
evaporator (NNV-6) and modified®lzl 00tare’evaporator (100 A, rotation, U, = Up)

The second distinctive feature of vaguumyarc deposition in the work is the use of Ti-based composite
cathodes, e.g., Ti-Cu, Ti-Al, Ti-Si, TizCr)etc. These cathodes are obtained by SHS or vacuum sintering of
powders. The use of composite cathddes proxides mixed plasma as such rather than plasma flow of several
simultaneously evaporated singlg-eleément cathodes. Unlike mosaic cathodes, in which the base material is
embedded with inclusions of another\material, composite cathodes do not reveal any long local immobility
of cathode spots. In our eanly weiks; it was shown that the characteristics of Ti-based cathodes with a low
addition concentration (<15 at. %), in particular Ti-Cu and Ti-Si systems, are similar to or higher than those
of VT1-0 titanium cathodestraditionally used in synthesis of titanium nitride coatings [18, 19]:

1. The erosion rates for/cathodes made of Ti-Cu and Ti-Si with an addition concentration up to 15 at. %
and VT1-0 alloyfcathoedeat'a discharge current /,= 50—-100 A are equal within the error and are ~50-55ug/C;

2. The growth ratedof nitride coatings in evaporation of composite materials with a low concentration of
added element$ andytitanium cathode is the same and is =1.5 um/h at a discharge current 7, = 50 A and
~340mu/h\af’a discharge current 7,= 100 A;

31 Theleharacteristics of cathode spots for composite cathodes and titanium alloy cathode, such as the
averdge cathode spot velocity, average current per spot, and number of spots at a certain discharge current,
are elose. (With Ti-Si cathodes, the cathode spot velocity is 1.5-2 times higher than that with a titanium
cathode, suggesting that the droplet fraction in the plasma is smaller);

4. Composite cathodes are uniformly evaporated with no dominant erosion of one of structural compo-
nents (the average crater diameter is d,, ~ 100 um; the grain size of the main material phases of a composite
cathode is 3-20 um);

5. The droplet fraction for Ti-Cu composite cathodes with a low Cu concentration and for a Ti cathode
is characterized as follows: the area occupied by droplets with Ti-12 at. % Cu is 1.5 times larger than that
with Ti; the average droplet diameter is 0.8 (Ti) and 0.9 pum (Ti-12 at. % Cu); the total amount of droplets
from the Ti cathode is 10 % larger than that from the composite cathode.
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The next improvement of vacuum arc surface treatment and deposition of wear-resistant coatings on
materials and articles is the use of a plasma source based on a low-pressure non-self-sustained arc discharge
(PINK). The plasma generator has the following parameters:

— high arc discharge currents with no cathode spot (/; up to 250 A);

— low operating pressure (p = 10°~10"" Pa);

— high ion current density (j; up to 10 mA/cm?®) at a plasma density n = 10"°-10" cm™;

— reasonably high uniformity (+ 5-10 %) in large volumes (~0.1 m?).

Supply of ionized working gas and appropriate negative bias potential applied to a substrate allows easy
control of the ion energy delivered to the specimen and thus the following ion plasma processes:

1. Finishing surface cleaning and activation of specimens in the plasma of inert gas at lowgoperating
pressures.

Notice that for the gas discharge plasma produced at low operating pressures (10— Pa), the mean
free path of an ion increases and is larger than the characteristic size of the space charge layctiformed near a
substrate to which negative bias is applied. As the negative bias is varied, the ions that apfivVigyon the substrate
surface after transit through the space charge layer formed near the substrate at low préssures are accelerated
to an energy corresponding to the applied potential, because the energy loss in collision Withother particles
can be neglected. Thus, gas ions of energy ~100—1000 eV allow cleaning of a thin surface layer (oxide films,
adsorbed gases) of specimens with little change of their initial structure, and their heating and activation for
further ion plasma treatment (nitriding, coating deposition).

2. Nitriding of steels and alloys in the nitrogen plasma of a non-self-sustained arc discharge with a fila-
ment and hollow cathode.

Ion-plasma nitriding of steels and alloys with the PINK generatoyhas several advantages over conven-
tional methods:

—nitriding at decreased temperatures (200-550 °C), making possible treatment of steels with a low

tempering temperature;

— possibility to apply negative bias voltage to tfcatedisubstrates (> 150 V) to increase the nitriding effi-

ciency;

— continuous low-energy ion bombardmént with removal of oxides that retard nitrogen diffusion deep

into specimens;

—reduction of the nitriding time 245times eé@mpared to conventional nitriding methods;

— possibility to obtain a modified layerof thickness reaching 300 um, depending on nitriding conditions

and substrate composition[20, 2];

— use of only commercially, puse\nitrogen as the working gas.

3. Plasma-assisted synthesiswof coatings.

The PINK sourcegisgefficient’ in magnetron and vacuum arc plasma-assisted deposition of coatings.
First, deposition at low pressures (~10—1 Pa) makes possible coatings almost free of gas atoms, i.e., with a
more dense structiire. ‘Second, continuous low-energy ion bombardment of a growing coating ensures re-
moval of adsogbed gag,from the surface and refinement of the coating structure. Third, additional ions pro-
duced by the PINK source and present in the volume of the vacuum chamber provides stable ignition of a
cold-cath@de arc discharge at low currents (<20 A). Fourth, the use of the plasma source in combination with
agystem of negative bias voltage supply ensures a considerable decrease in droplet phase fraction, which is a
graveshortcoming of vacuum arc deposition. The decrease in droplet fraction in this mixed (metal and gas)
lowépressure arc discharge plasma owes to reflection of macroparticles negatively charged to the floating
potential (between —6 and —8 V) in the arc discharge plasma (Te = 5-7 ¢V) from a treated specimen which is
at a negative potential (about —100 V) [22, 23].

The next peculiarity of the modified equipment and, hence, of the coating deposition method is the use of
a negative bias supply operating in pulsed and steady modes. In the pulsed mode, its main parameters are a
negative bias voltage U, of 0—-1000 V, duty factor T of 10-90 %, and pulse repetition frequency f of 10-50 kHz.

A distinguishing feature of the pulsed mode of bias supply is a several-fold increase in ion current to a
substrate during the pulse rise time. The authors of [24] demonstrated that at —300 V, the ion current ampli-
tude to a substrate increases 1.5-3 times when switching from the steady to pulsed mode, depending on the
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pulse repetition frequency. Notice that as the voltage pulse amplitude is increased, the ion current does not
reach saturation, as opposed to the steady mode, and increases proportionally to the pulse amplitude and fre-
quency; and the higher the pulse repletion frequency, the higher the rate of rise of the ion current with an in-
crease in pulse amplitude [25]. The increase in ion current involves appropriate variation in the plasma prop-
erties: the electron temperature and ionization degree of the working gas increases [25].

The pulsed mode of bias supply provides the possibility to:

— preliminary clean substrates from oxide films and adsorbed gases with no breakdown and hence with

no damage to the surface of treated substrates;

— apply bias to dielectric substrates and films during deposition.

This owes to compensation of the positive space charge on the specimen surface (dielectri¢ offdiglectric
inclusion) by the electron flow during the pulse-to-pulse interval in a time no longer than 5 445 [26]. Efficient
compensation requires frequencies above 1 kHz [26]. One more positive effect of negativejbias voltage in
coating synthesis is a wide parameter control range which makes possible various structural phase states and
hence various physicomechanical characteristics of coatings.

The use of gas plasma of the arc discharge for ion-plasma etching of materialssuiface

Ion-plasma treatment of samples surface in low-pressure plasma based on'ndn-self-sustained arc dis-
charge can be applied to ion-plasma etching of a surface, as a prelimihary| stage ofiSynthesis of functional
coatings or as an independent stage of finishing treatment of materials andproduet§ surface. Due to etch re-
moval of a thin surface layer by gas ions the samples cleaning frgm oxide film§,and the adsorbed gases, heat-
ing of a sample (T~100°C) and surface activation occur.

Further the complex research of gas plasma of arc low-pressute digcharges, surfaces of metal samples
after ion-plasma etching at different modes of arc discharge; \identification of a dependence chain (character-
istic of discharge burning modes) — (plasma parameters)@®> (properties of surface layer) are considered.

For carrying out processes of ion-plasma etching®the plasma generated by non-self-sustained arc low-
pressure discharge with the combined filament anddiollow ‘eathode «PINK» [15, 16] was used.

For research of plasma the single cylindsical, probesand the unique automated system of probe meas-
urements of plasma parameters [27] was used. It proyidesyrather small time of the probe characteristic meas-
urement (~ 1 min), high accuracy and quality“of méasurements (+ 0,1% on voltage channel, + 0,5% on the
current channel, ADC capacity — 14 bifs), teliability of measurements and simplicity of operation. The probe
was situated directly on an axis of a\plasma source at distance of 450 mm from its output aperture. For each
chosen mode the probe charactefistic\wasymeasured. The floating potential, the plasma potential and temper-
ature of electrons were determinied by\a graphic method. The plasma concentration was calculated in terms
of electronic branch of the probe veltage-current characteristic.

Measurements offplasma pafameters based on non-self-sustained arc discharge with the combined hol-
low cathode and filament, and also cleaning and etching of samples surface were carried out in argon with a
pressure of ~0, l4dPa“Samples were fixed on rotating tool in the center of the working camera. The substrates
were made of stainless'steel 12Cr18Nil10Ti and a hard alloy of WC-8%Co. The substrates before ion-plasma
treatmentvereymechanically polished to a roughness of R,= 0,07 um and cleaned in an ultrasonic bath in
gasoline and’alcohol. For measurement of etching rate the glass mask was fixed on a sample surface before
ion-plasma treatment. Etching rate of a material was calculated in terms of height of the formed step.

All samples were preliminary etched by argon ion for cleaning of their surface within 20 min at arc cur-
rentlef /=20 A and negative pulsed (y = 50 %) bias of U, =-200 V. After that there was no considerable
etching of a surface which could affect values of measured characteristics. After preliminary treatment the
samples were exposed to ion-plasma etching at the main mode. The changeable parameters were the value of
bias (200+1000 V) and arc discharge current (10+90 A). Duration of ion-plasma treatment was 60 min for all
samples.

The substrates after ion-plasma treatment were investigated by means of hardness tester of PMT-3 (mi-
crohardness), optical micro-nano-profilometer MNP-1 (roughness, thickness of removed layer), metalgraphic
microscope pVizo-MET-221 (surface image, structure), scanning electron microscope Philips SEM-515
(surface image, structure).
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Typical images of sample surface of alloy WC-Co and stainless steel 12Cr18Nil0Ti after ion-plasma
treatment are given in Fig. 4. In Fig. 4 (a) typical etching of cobalt binding on grain boundary of tungsten
carbides of an alloy WC-Co is visible. In Fig. 4 (b) the area of etched step of steel material is presented. On
the left there is the area which was behind a mask; on the right the area which has undergone ion-plasma
bombardment is visible.

&

N . p - TR N
10 um EHT =20.00 kV Signal A = SE1 Date :13 Jul 2011 ZEISS.
WD = 8.0mm Mag= 2.00KX Photo No. = 3193

a)

Figure 4. Typical SEM image of alloy WC-Co surface (a) and the ?g of a steel
obtained by optical microscope after treatment in plasma of arc rge (Ar; 0,3 Pa; 20 A; -1000 V)

Plasma parameters in dependence on the chosen mode ischarge at which sample surface was

from hot cathode, the growth of arc discharge current o » occurs and changes of discharge voltage.
That, in turn, leads to increase of gas plasma co tion.“ It was established that the growth of arc dis-
charge current from 10 A to 90 A leads to increa oncentration of argon plasma from 0,3-10' to
5,2:10" m™. In the conditions the potential of
from 5,4 to 6,4 V. Temperature of electro
age value is 1,4 eV.

Table 1

Plasma parameters against pa ersjof the arc discharge: filament current (1), discharge current (Ip),
discharge voltage (U,), p P tial (U,,), temperature of electrons (7,), concentration of plasma (n)

Un V Uy V T, eV n, x10", m
59 5,5 1,4 0,3
58 5,4 1,6 1,0
55 5,7 1,3 2,7
50 6,4 1,3 5,2
he tion of samples after treatment at a constant bias voltage and at increase of arc discharge
i.e. crease of plasma concentration and ion current density on the substrate (Table 1, 2) showed

roughness of steel substrate doesn't change, but etching rate at increase of discharge current changes
. For a substrate of hard alloy the roughness of a surface increases in proportion to arc discharge cur-
rent. In the case there is cobalt binding loss, and the grains of tungsten carbide «become bare». Etching rate
at arc discharge current <50 A don’t change and remains equal to ~0,4 um/h. At increase of arc discharge
current up to 90 A the etching rate increases in =2 times. That can be explained by sufficient density of ion
current and ion energy for etching of tungsten carbide at these parameters of treatment. But it should be tak-
en into account that the accuracy of definition of step height in the case is lower, than in case of lower arc
discharge current because of a higher roughness of treated surface.
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Table 2

Characteristics of samples surface of steel 12Cr18Nil0Ti and WC-8%Co alloy after ion-plasma etching vs.
parameters of treatment mode (v, — etching rate, 7 — substrate temperature,
Jjs — ion current density on substrate)

. 2 o 12Cr18Ni10Ti steel WC-8%Co
Ip, 4 Js» mA/cm .°C Ve, WM/A R,, um Ve, Wm/h R,, um
20 1,5 140 0,26 0,15 0,41 0,22
50 1,8 214 0,36 0,12 0,45 0,34
90 2,0 315 0,38 0,16 0,89 0,62

The properties of surface layer of treated samples are given in the Table 3 at change of s@ibstrate poten-
tial. It is clear that the roughness of steel samples practically doesn't change at increase ©f bias voltage/to
substrate. The etching rate increases at growth of negative bias voltage and reaches 0,64 pm/h ayU, = -1000' V.

Pable 3

Characteristics of surface of 12Cr18Nil0Ti steel and WC-8%Co hard-alloy samples after
ion-plasma etching against to parameters of treatment mode

. 2 o 12Cr18Nil10Ti steel WC-8%Co
Up, V Jp mAJem™ | T, °C Ve, um/h R,, pm v, pm/h R,, um
200 0,5 55 - 0,13 - 0,14
400 1,0 75 - 0,13 - 0,22
600 1,5 140 0,26 0yl'5 0,41 0,22
1000 2,5 232 0,64 0,44 0,58 0,34

For hard-alloy samples the similar tendency is observed.\Atiincrease of bias voltage the etching rate in-
creases. But the surface roughness of hard-alloy samples in€teases‘at growth of substrate potential in contrast
to steel samples (tab. 3).

It should be noted that the increase of arc current andjalso the increase of negative bias voltage leads to
increase of ion current, and accordingly to ingfease,of Substrates temperature (see tab. 2, 3). That can be af-
fects to etching rate of material.

Thus, by variation such parameterss arcleurrent of plasma source «PINK» and substrate potential we
can regulate concentration of plasma, 4on“eurrent density on substrate, energy of ions arriving to substrate.
That allows to etch the surface layers of a material with demanded thickness and to obtain necessary charac-
teristics of its surface.

Investigation of gas-métal\plasma of arc low-pressure discharges, which are applied for synthesis
of coatings by vacuum-arc deposition with plasma assistance

Nature of plasm@chemigal reactions on a substrate, properties, the chemical composition and structure
of deposited coatings are substantially defined by the processes which occur in interelectrode gap of a vacu-
um arc. Therefere research of plasma parameters, which is used for coatings deposition, is important. In the
work the methodief the"vacuum-arc plasma-assisted deposition is used and the main object of researches is
the gas-métal plasma generated by arc low-pressure discharges.

Belowsinvestigations of parameters of the plasma generated at independent and joint work of metal
plasma souree(arc evaporator) and gas-discharge plasma source («PINK») [15, 16] and identification of in-
fluence of plasma assistance on parameters of the mixed arc plasma, which is used for deposition of nitride
coatings are given.

For research of plasma the single cylindrical Langmuir probe and the unique automated system for
probe measurements of plasma parameters [27] was used. The probe is situated in the vacuum camera center
directly on crossing of axes of plasma sources, at distance of 450 mm from an output aperture of «PINK»
and at distance of 300 mm from an output aperture of the arc evaporator.

For each chosen mode the probe characteristic was fixed. The floating potential and plasma potential
were determined by a graphic method. Temperature of electrons was defined from the probe characteristic in
half-logarithmic scale. The plasma concentration was calculated from electronic branch of the probe voltage-
current characteristic.
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The pressure of working gas (argon, nitrogen) was p = 0,3 Pa at all chosen modes. The arc discharge
current of «PINK» at probe measurements of gas (/p = 10+50 A) and gas-metal plasma (/p = 10+90 A) was
variable parameter. Research of metal and gas-metal plasma was carried out at arc currents of the evaporator
(Z;) 50 and 100 A.

Average temperature of electrons in case of gas-discharge plasma was ~1,4 eV, in case of the mixed
gas-metal plasma — 0,9-1,0 eV. Potential and concentration of plasma in the case of the use of plasma
source of «PINK» only in the nitrogen atmosphere increase in proportion to growth of arc discharge current
(Fig. 5 (a)): from 3,3 to 4,2 V and from 0,2-10"° to 2,0-10'® m”, respectively. In the case of metal plasma at
arc current of I,= 50 A (Fig. 5) without «PINK» use the concentration of plasma was n=2,2-10"° mi’ and
plasma potential was equal to U,,=2,4 V.
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Figure 5. Dependence of plasma potentia
At arc current of /,= 100 A the met. ration increases ~2 times (Fig. 6) in comparison

a potential is Uy, = 3,0 V. At simultaneous work of met-

al and gas-discharge plasma source A and growth of arc current of «PINK» from 10 to 50 A the

plasma potential increases from 2,3 V (Fig. 5). The concentration of the gas-metal plasma increases at
growth of arc current of «PINK» 2, 10" to 3.4 10" m™ at constant current of the arc evaporator. It is
clear that these values correspo sum of concentration of gas-discharge plasma at a certain arc current
of «PINK» and metal ma without «PINK» use. The similar tendency is observed for arc current of

1,= 100 A (Fig. 6).

] T T T T T T
80 )
A QO
4 w
] 3
> 4,5 o
5] 8
g 4,0—_ 3
c ] =
$ . 5
8 351 S
(0] 1 3
E E
2] 4
S 3,0 51
o b Lo
] 3
2,5 Nz, I'd=100 A 2§ ©

0 10 20 30 40 50
Arc current .'p. A

Figure 6. Dependence of potential of gas-metal plasma (1) and its concentration
(2) on arc current of «PINK» (N,; 1, =100 A)
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For the mixed (gas-metal) plasma in the nonreactive argon atmosphere (Fig. 7, 8) similar dependences
of plasma potential and concentration on arc current of «PINK» are observed at arc currents of the arc evapo-
rator of 50 and 100 A. As in the case of nitrogen atmosphere, compliance of concentration of the mixed
plasma to the sum of concentration for argon and metal plasma remains.
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on arc current of «PINK» (Ar; 1, =100 A)
It is sho at concentration of gas-metal plasma is approximately equal to the sum of concentration
of the gas etabplasma measured at similar parameters of arc discharges.
\ imentally shown that the increase of arc current of «PINK» at constant pressure of working
s toamnerease of plasma concentration.
case of simultaneous use of metal and gas-discharge plasma sources the growth of arc current of
" at constant arc current of evaporator leads to the similar growth of gas-metal plasma concentration.
t shows that by changing arc current of «PINK» (with constant pressure) at deposition of coatings we
can easily regulate the ions current density of working gas on a substrate, thereby changing the stoichiometry

of growing coatings. It will allow to simplify technology of deposition of multilayered and gradient coatings,
and also to improve repeatability of deposition process for above types of coatings.

Synthesis of coatings

The substrate material was WC-8%Co hard alloy and 12Cr18Nil0Ti stainless steel. Before deposition,
the specimens were mechanically polished with diamond paste to a roughness R, ~ 0.02 pum, whereupon they
were washed in an ultrasonic bath with gasoline and alcohol for 10 min and immediately placed in the vacu-
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um chamber. The residual pressure ensured by a turbomolecular pump was ~10~° Pa. Directly before coating
deposition, the specimen surface was cleaned from oxide films and absorbed gases through its bombardment
by accelerated Ar ions at a negative substrate potential of ~1 kV. The ion bombardment activated a surface
layer of the substrates to provide high adhesion of the coating and substrate, and the specimens were heated
up to ~300-400 °C. The formation of a nitride coating was preceded by condensation of a transition layer of
thickness ~100 nm of the cathode material in the Ar plasma. With Ti-Cu, Ti-Al, and Ti-Si composite cath-
odes, multicomponent nitride coatings were deposited in the environment of commercially pure nitrogen at
an arc discharge current /,= 50—-100 A, working gas pressure px,~ 0.1 Pa, and bias voltage U,=—(100-300) V.
The coating growth rate was 0.5-3 pum/h depending on deposition parameters and evaporated cathode material.
The deposition time was chosen such that the coating thickness was =3 um.

The properties of the deposited coatings were studied with the following equipment: a scanningwelectron
microscope equipped with an elemental microanalyzer, a transmission electron micrgs€ope, an X-itay
diffractometer, micro- and nano-hardness testers, a film and coating thickness gauge (Calotest), a high-
temperature tribometer, and a 3D contactless profilometer.

Properties and structure of nitride multicomponent coatings

Table 4 presents measurements results for the following physicomechanical eliaractersistics of the coat-
ings: hardness (HV), Young’s modulus (F), residual strain (€;,), friction coefficient([4p,), €encentration of
added elements (n) determined by energy dispersive analysis and X-ray fluorescefice analysis, and average
crystallite size in the main phase (d,,).

Figure 9. Electron micrograph, of the Ti-Si-N coating structure: dark field in the {111}
ringieflection of TiN (a) and electron diffraction pattern (b)

All three-component,coatings have a nanocrystalline structure (Fig. 9). The main phase in all cases is o-
TiN; the average crystallite'§iz€"1s < 20 nm. The concentration of added elements in the coating and evapo-
rated cathode is the same if the addition is Cu, Al In the Ti-Si-N coatings, the Si concentration is five times
lower than that if'theycathede.

The multicomponent nanocrystalline coatings have a hardness ~1.5-2.5 times higher than the hardness
of TiN coatings, and under optimum deposition conditions, the coatings are ranked as superhard (> 40 GPa).
Theghighest g#esidual strain is observed in the TiN coating; the least residual strain, in the Ti-Si-N coating.
The elasticrecovery for the coatings formed by evaporation of powder cathodes is 2—3 times higher than that
in the(TiN coating.

Table 4
Characteristics of the coatings deposited by vacuum arc evaporation of composite
cathodes of various compositions
Cathode n, at.% d,,, nm
composition (EDA) (XFA) (TEM) HY,GPa | E,GPa Eminy 70 Humin
Ti - - ~100 20-25 300-350 =75 0.40
Ti-12at.%Cu ~2 ~12 18 38-42 350-400 =50 0.22
Ti-10at.%Si - =2 7 34-52 400-800 ~20 0.41
Ti-40at.%Al ~20 - 5-6 31-40 450-650 ~35 0.23
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The elastic (Young’s) modulus of the multicomponent coatings is in the range 350-800 GPa. The least
friction coefficient is displayed by the coatings added with copper and aluminum; its value decreases down
to 0.2 and points to an increase in the wear resistant of these coatings.

Conclusion

The studies on the modified setup show that all introduced modifications hold promise for application
in ion plasma processes: surface cleaning and activation of substrates before deposition, ion plasma nitriding,
and plasma-assisted synthesis of multicomponent nanocrystalline coatings. The parameters of generated gas
and gas-metal plasma were measured and presented. Dependences of material surface properties on gas-
discharge plasma parameters are revealed. The examination of the coatings made it possible to disclose the
effect of added elements on the structural characteristics, phase and elemental composition,, and
physicomechanical properties of the Ti-Cu-N, Ti-Al-N, and Ti-Si-N coatings synthesizedfby vacuum arc
plasma-assisted deposition.

The work was partly supported by RFBR under Grant No. 11-08-00625-a, 12-08-31192, mok-a, 13-08-
98108 r_sibir_a.
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H.H.KoBansp, 10.®.UBanos, O.B.Kpsicuna, B.B.lllyrypos, U.B.Jlonatun

TeMeH KbICHIM/bI IOFAJIBIK PA3PSATa TUTAH HUTPUAIL Heri3iH/e JKacaJFaH
KOINKOMIIOHEHTTi HAHOKPHUCTAJABIK OypKeMeJep/i CHHTe31ey

Makanaga HOHABIK-IUIA3MANIBIK KOHABIPFBUIAPABIH EpEKIIENiKTepl MEH BaKyyMJIBIK-IOFaJbIK pa3psaTa
MaTepuaiapibl OHJCYIiH epeKILIeNiKTepi KapacThIpbUIFaH. bypkemenepii KOHIbIpYFa —apHaJIFaH
MOIM(DUKALMSIAHIBIPbUIFAH MOHBIK-TUIA3MAIBIK KOHBIPFBUIAPABIH €PEKIIETIKTePI MEH 0achIM JKaKTapbl
cunarranFaH. JloFajiblK IU1a3Maja reHepalusIaHFaH ra3jblK JKOHe ra3MeTaNABbIK MUIa3MaHbIH HapameTpiepi
KenTipinren. MeTtanaslk MarepuaigapAblH OeTiHiH KAaCHeTTEepiHiH OHIeNylli ra3pa3psaThl IIIa3MaHbIH
nmapaMeTpiepiMeH OaillaHBICHl aHBIKTIFaH. TWTaH HUTPHUAlI HeTi3iHIE JKacalFaH KOIKOMIIOHEHITI
HaHOKPHCTAIIBIK OypKeMeJlepAi alyJbIH BaKyyMIbIK-IOFANIBIK IUIA3MaJIbIK 9icTepi cunarTtanraH. KocsiMImma
JJIEMEHTTEP/IiH THTaH HUTPHAI HETi3iH/e XkacalFaH OypKeMelep/iH KacHeTTepi MEeH KYPhUIBIMIBIK-(Pa3alIbIK
KyHiHe ocepi KepceTinreH.

H.H.Kosainsp, }0.®.MBanos, O.B.Kpsicuna, B.B.Illyrypos, 1.B.JIgiiaTng

CuHTe3 MHOTOKOMIIOHEHTHBIX HAHOKPHCTAJJINYeCKUXATOKD bIRH i
HA OCHOBE HUTPH/JIA TUTAHA B IYTOBbIX Pa3psaiax HU3KOFQ/1aBsie Hus

B crarbe paccMoTpeHbI 0COOCHHOCTH HOHHO-TIA3MEHHOTO 000pyOBaHMs U 0QPA0OTKH MaTepHaIoB B BaKy-
YMHBIX JYTOBEIX paspsgax. OmncaHbl NpeHMyIecTBA M OCOOEHHOCTH MOAMGMHUIMPOBAHHONH HOHHO-
TIa3MEHHON yCTaHOBKH T OcaxJeHHs MOKpbeITuil. IIpencraBneHsl pgayTbTaThl M3MEPEHHs TapaMeTPOB Te-
HepUpyeMOi ra30BOH M ra30MeTaUTHUECKON TYroBOH I1a3Mbl. BEISBIEHBE 3aBUCHMOCTH CBOIMCTB ITOBEPXHO-
CTH METANIMYECKUX MaTepHajioB OT IapaMeTpoB oOpabaTeiBaeMOM, ra3opaspsaHoi miazmsl. Onucad MeTox
BaKyyMHO-ZYTOBOTO IIa3MEHHO-aCCUCTUPOBAHHOTO OCAXICHMSL MHOIOKOMIIOHEHTHBIX HAHOKPHCTAIHYe-
CKHX IOKPBITUH Ha OCHOBE HATPHa THTaHa. [IpogeMoHCTpIPOBAHO, BIMSIHIE JOIIOIHUTEIEHOTO JIEMEHTa Ha
CTPYKTYpPHO-(ha30BOE COCTOSTHAE U XapaKTePUCTUKH HUTPUITHTAHOBBIX OKPHITHH.

V]IK 538.95.405

B.Y.JTaypunac, O.H.3aBauxkas, C.A.I'yueHko

Kapacanouncrugifeoeyoapemeennuiii ynusepcumem um. E.A.Bykemosa (E-mail: exciton@list.ru)

CTpykTypHO=(ha30BBIii COCTAB M CBOHCTBA KOMIIO3UIIUOHHBIX NOKPBITHH

ITpuBeneHbl pe3yilbtathl SKCIEPUMEHTAIBHOTO HCCIeA0BaHus (Ha30BOr0 COCTaBA M CTPYKTYPHBIX MapaMer-
POB KQMTIO3HIIHEHHBIX MOKPBHITHH, MOTYUYEHHBIX B Cpelie a30Ta. Pe3ynpTaTsl moiayueHsl Ha JudpakToMeTpe
XRD-6000 na CuKo-n3mydenun. C MOMOIIBIO CHCTEMBI HAHOMHAEHTHpOoBaHMs 1o Metony OmmuBepa n @apa
¢fUCTIONb30BaHueM HHICHTepa bepkoBuua omnpeneneHa HaHOTBEPAOCTh KOMIIO3UIIMOHHBIX HNOKPBITHH U UX
Moynb dexydectu. Ha ycranoske Quanta 200 3D mpoBelieH 3J1eMEHTHBIN aHAIU3 N0 TOJNIIMHE MOKPBITHS.
AHanm3/MOTy4eHHBIX JKCIICPIMEHTAIBHBIX PEe3YJIbTaTOB MO3BOJMII BHISBUTH BIMSHHE Ia30BOH aTMoc(heps
Ha CTPYKTYPHBIE M (PU3UKO-MEXaHUUECKHE CBOMCTBA KOMITIO3UIIMOHHBIX MOKPBITHIL.

Knioueswie cnoga: nnaszma, MOKpHITHE, HAHOTBEPOCTh, TONIINHA, CTPYKTYpa, (a30BbIi COCTaB.

Bseoenue

OpHuM U3 CIOCOOOB YJIyYIlIEHHs CBOMCTB [IOBEPXHOCTH MaTEpUAJIOB SIBJISETCS HAHECEHHE KOMIIO3UIIH-
OHHBIX MOKPBITUII METOAOM BaKyyMHOI'0 MOHHO-IUIa3MEHHOT0 ocaxaeHus [1, 2]. XapakrepHoi 4epToi 3THX
METOAOB SABJSIETCS MPsIMOE MpeoOpa3oBaHHUE JICKTPUUECKON SHEPIHU B YHEPTUI0 TEXHOJOTHYECKOTO BO3-
JeUCTBHS, OCHOBAHHOE Ha CTPYKTYpPHO-()a30BBIX NPEBPANICHUSAX B OCAKACHHOM Ha TIOBEPXHOCTH KOHIEHCA-
T€ WM B CAMOM IIOBEPXHOCTHOM CJIO€ JIeTalli, IOMEIEHHOM B BaKyyMHYIO KaMepy.
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