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Frictional properties of multi-element nanocomposite coatings by means of tribometry method have
been studied. The obtained nitride nanostructured coatings include only a single phase of solid solution
with the fce lattice and NaCl structural type with (111) preferred orientation. The influence of annealing
temperature on the tribological characteristics has been studied. It has been determined that the wear re-
sistance (wear factor) of the coatings after annealing was 1.03 x 10-> mm3 x N-1 x m-! which is higher

than before the annealing 7.8 x 10-5mm3 x N-1x m-1.
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1. INTRODUCTION

The actual problem of modern industry is decreas-
ing the wear rate of rubbing pairs of machine parts and
cutting tools. Increase of wear resistance of friction
pairs, as well as increase of efficiency of cutting tools,
expand the areas of its application can be achieved by
covering the working surface with coatings [1-3]. Vari-
ous coatings based on multielement and composite sys-
tems with multiple functional structural components,
which consist the coating are applied [4-6]. Many as-
pects of friction and wear processes of the coatings
along with the use of solid and liquid lubricants are
considered in most scientific publications [7, 8]. Howev-
er these scientific publications often lack studying the
tribotechnical characteristics during dry friction, thus
the publications do not give a complete picture for be-
havior of such coatings during their operation. There-
fore, in this paper we consider multi-element coatings
based on Ti, Zr, Cr, Nb, Si nitrides, obtained by vacu-
um-arc deposition method. Parametric studies, estab-
lishing a relationship between the structural and phase
composition and tribological properties of the coatings
during friction in the atmosphere of air.

2. EXPERIMENTAL TECHNIQUES

The sputteded material of (Ti+ Zr + Cr + Nb + Si)
system was fabricated using vacuum-arc melting in a
high purity atmosphere of argon Ar. In order to achieve
uniformity of the alloy composition, the obtained ingots
were melted repeatedly (4-5 times). The composition of
the obtained cathode: Ti — 39.96 wt. %; Cr — 17.08 wt. %;
Zr — 30.19 wt. %; Nb — 9.67 wt. %; Si — 3.1 wt. %. For-
mation of nitride coatings was carried out by mens of
vacuum-arc deposition in the atmosphere of reaction gas
— nitrogen on the "Bulat-6" installation. Two series of
samples with the following deposition parameters have
been obtained: 1 (No. 751) — bias potential on the sub-
strate Up =— 200V, the pressure of the working gas (ni-
trogen N2) P=3.5 x 10-3Torr; 2 (No. 752) Up=—100V,
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PACS numbers: 61.46. — w, 62.20.Qp, 62-65. — g

the pressure of the working gas
P=3.5x%x10-3 Torr, arc current 100 A.
By means of scanning electron microscope Novascan
450 with energy dispersive analysis (SEM with EDS),
the elemental composition of the obtained coatings has
been investigated, and the images of the surfaces of the
coatings, as well as their cross sections have been ob-
tained. The studies of the structure and phase composi-
tion of nitride coatings of has been carried out using
the method of XRD analysis in Cu-Kq radiation (AD-
VANCE, Bruker). Determination of residual macro-
scopic stresses in the coatings with cubic TiN (struc-
tural type NaCl) lattice were measured by means of

(nitrogen Ng)

X-ray tensometry method (a—sin®y - method), and its
modification in the case of strong texture of the axial
type. In the latter case, the measurement of the inter-
planar distances was carried out from a variety of
planes, under certain specified crystallographic tilt
angles of a sample . [9] The microhardness of the coat-
ings was measured by means of microhardness meas-
urer DM-8 by means of micro-Vickers method at a load
of indenter 100 g.

The tribological tests were carried out on the fric-
tion machine, «Tribometer», CSM Instruments in the
atmosphere of air by a scheme "ball-drive" at tempera-
tures of 20 °C. A ball with diameter of 6.0 mm, manu-
factured from a sintered cpecified material Al2O3 was
used as a counterbody. The discs, on which nanocompo-
site coatings were deposited, were made of steel 45
(HRC =53), diameter d=45mm, and thickness
h = 3.5 mm. The thickness of the coatings was 3.0 mcm.
Test load at tests was was 6.0 N, and the sliding speed
— 15 cm/s. The analysis of wear products, wear grooves,
and the contact area on the counterbody have been car-
ried out.

3. EXPERIMENTAL PART

The results of study using raster scanning micros-
copy (Figure 1) indicate the waviness on the surface
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and the droplet available component on the surface of
the coating. The results of measuring of roughness of
the surfaces of (TiNbCrZrSi)N indicate that the rough-
ness value for 1 (No 752) series coatings was
Ra=182m, and for 2 (No751) series -—
Ra=1.02 microns. This is due to the significant differ-
rence between the bias voltage applied to the substrate
in the first and second cases (No 751 — Uy =—200V,
No 752 — Uy =— 100 V).

Fig. 1 — Morfology of the surface of the coating (TiZrCrN-
bSi)N: a) (No 751) — obtained at P=3.5x10-2 Torr,
U,=200V; b) (No 7562) — obtained at P=3.5x 10-3 Torr,
Uy=100V
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Fig. 2 — Energy dispersion spectra of the coatings based on
(TiZrCrNbSi)N, obtained by means of vacuum-arc deposition
method: a) (No 751) — obtained at P=3.5x10-3Torr,
Uy=200V; b) (No752) — obtained at P=3.5x 10-3Torr,
Uy=100V

Fig. 2 (a, b) and the Table 1 show the results of en-
ergy dispersion microanalysis of the surface of multi-
component coatings (TiNbCrZrSi)N.

Table 1 — Elemental composition of the coatings (TiNbCrZrSi)N

Coatings . Concentration, gt. %
Ti Cr Zr Nb Si C N
No 1
(751) 39.49( 7.09 [14.03| 3.83 | 2.75 | 2.16 |34.66
coatings
No 2
(752) 35.34(11.00|11.58| 7.36 | 2.12 | 2.15 | 35.34
coatings

Analysis of the coating (see Table 1) indicates that
the elements, which are present in the coating composi-
tion, are present in the cathode. Presence of a minor
amount of carbon can be explained by its diffusion from
the surface layers of the substrate. Variation of the
chemical composition of the elements affects distortion
of the crystal lattice, and hence the physical and me-
chanical properties of the coatings.

From the obtained X-ray spectra (Fig. 3) it can be
seen that, despite the large number of constituent me-
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tal elements and different inclinations of the constitu-
ent elements to nitride formation, a single-phase state
on the basis of the fec lattice is formed in the coatings,
which in case the nitrides has a structure type NaCl. A
characteristic feature of the obtained diffraction spec-
tra is the presence of preferred orientation of crystal-
lites, which manifests itself in the X-ray diffraction
spectra as a relative change in the intensity of the dif-
fraction peaks from different planes. The size of the
crystallites, defined by means of Selyakov-Scherrer
equation, also depends on the selected deposition mode.
Thus, certain crystallite size in the coating of the first
series averaged 11.5 nm in the direction of growth of
crystallites with [111] axis, and 6.4 nm — in the direc-
tion of growth of crystallites with [100] axis. The condi-
tions for obtaining in other series lead to smaller crys-
tallite size. Thus, in series 2, the crystallite size in the
direction of [111] axis was 9.7 nm, and in direction of
crystallite growth axis [100] the size was 5.8 nm.

By means of a-sin”y — macrodeformation method,

compressive macrodeformation for the coatings of se-
ries 1 (752) with the texture [111] was determined, its
value was — 1.65 %. The lattice period in the plane per-
pendicular to the direction of growth was 0.4332 nm,
and the grating period of the second series was greater
—0.4337 nm
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Fig. 3 — Difraction spectra areas of the coatings (TiNbCrZrSi)N,
obtained at the following regimes: 1 — sample No 752; 2 — sample
No 751

Thus, in case of Series 1 (No 752) we have the coat-
ings with the preferred orientation of crystallites [111]
and with their greater size in this direction (11.5 nm)
under the action of higher macrodeformations compres-
sion in this coating. In the case of the coating Series 2
(No 751), a change of axis of preferred orientation [100]
is observed, a significant reduction in the average size
of the crystallites in this direction down to 5.1 nm, and
the development of stretching macrodeformations in
such coatings. In this case, the transition to the tensile
strain can be associated with a significant decrease in
crystallite size and the increase of the specific volume of
the borders with disoriented structure, which have a
lower bulk density. The hardness of the coatings accord-
ing to the physical parameters of the deposition is in the
range from 17 (at Uy = — 200) to (at Us =— 100) 24 GPa.

Investigation of the thermal stability of the ob-
tained coatings has been carried out at annealing of the
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coatings in vacuum in the atmosphere of nitrogen at
T =700 °C for 1 hour. Table 2 shows the results of the
elemental composition of the coatings after annealing.
The annealing did not change the phase composition of
the coatings. The grating period of the first series of
samples is reduced, which may be caused by the reduc-
tion of internal stresses and redistribution of the ele-
ments in the coating.

Table 2 — Elemental composition of the coatings (TiNbCrZr-
Si)N after annealing
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Coatings | Concentration of the elements, at. % Re-
Ti Cr Zr Nb |[Si N marks
No 1 (751)|42.14 |8.44 |13.5 [6.72(3.11 |26.09 [Annea-
coatings ling
No 1(752)[39.94 |12.86 |11.88 |6.28 (2.37 |26.67 |tempe-
coatings rature
700 °C

The study of friction tracks is of considerable inter-
est, as a result of which it is possible to characterize the
mechanism of wear. The image of friction tracks, as
well as the results of tribological tests are shown in
Figure 4, Figure 5, and Table 3.

Fig. 4 — Image of the wear tracks, obtained by means of scanning
electron miscoscope Novascan 450: a) (No 751) — P=3.5x
x10-3Torr, Uy=200V; b) (No752) - P=3.5x10-3Torr,
Us=100V

The analysis of friction tracks according to [10, 11],
see. Fig. 4, 5, shows that during the process of frictionm
oxidation mechanical wear takes place. This is linked
with the fact that wear occurs under conditions of expo-
sure of the environment and dynamic interactions be-
tween the contacting materials. In the process of fric-
tion, the oxide films are formed on the surface, as evi-
denced by X-ray energy dispersive analysis of data for
the tracks of friction, as well as for the wear products.

Fig. 5 — Images of wear tracks, obtained by means of scanning
raster microscope Novascan 450 after annealing: a)
(No 751\1) — P=3.5 x 10-3 Torr, Uy =— 200 V; b) (No 752/2) —
P=3.5x10-3Torr, Up=—100V

Table 3 — Tribological characteristics of the coatings
(TiNbCrZrSi)N before and after the annealing
No Friction Wear R4, |Re-
coefficient intensity, mcm |marks
mm? x
x N-1xm-1
Initial |[During  |Counter- |Coa-
the tests |body ting
Al203
751 ]0.512 [0.934 1.47 x 7.25 x |1.02 |Initial
x10-5 |x 10-5
752 10.273 10.867 1.91 x 7.8 x |1.82 |Initial
x10-5 |x 10-5
751/1 {0.82 |0.95 1.01 x 5.1 x [0.97 |After
x10-5 [x10-5 annea-
ling
752/210.19 ]0.89 3.23 x 1.03 x |1.51 |After
x10-5 |x10-°2 annea-
ling

All the samples coated with the coating have have
coefficient of friction varied from 0.86 to 0.95 depending
on the chenical contents. Such high values (Table 3)
can be explained by the high riughness (Table 3), by
the presence of the droplet fraction on the surface and
in the coating (Figure 1), which are the result of con-
tinuous-flow vacuum-arc deposition process, however,
the coatings show good results in wear resistance. Du-
ring the test, there is no chipping, cracking or delami-
nation of coatings, they have good adhesion. During
abrasion the material of the coating is plastically de-
formed, and the observed pattern of wear is typical for
soft metals. Abrasion tests have shown that the wear of
the coatings after annealing compared with the initial
coating is lower, and the depth of friction tracks is high,
3.6 mem, and 2.1 mem after annealing (see Figure 6).
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Fig. 6 — Wear depth profiles of the wear tracks of the coating
(TiNbCrZrSi)N under the load 6.0 N: a) No 752 initial; b)
No 752/2 after annealing

The images wear their products and their elemental
composition after annealing are shown in Table 4 and
Figure 6. Investigation of the element analysis of the
wear products indicates the presence of alumina oxides,
as well as the atoms of the elements, which compound
the coating, namely: Ti, Cr, Zr, Nb, Si, and iron.

Table 4 — Elemental composition of wear products

Coa- | Concentration of the elements, at. %

ting | N [0} Al Si Zr | Nb | Ti Cr Fe

751 305 | 1.0 | 256 | 6.1 | 3.3 | 19.7 | 5.7 31.4

752 10.7 | 164 | 3.1 | 2.7 | 7.8 | 4.1 | 30.9 | 10.1 | 14.2
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Fig. 7 - The image of the wear products of the coatings after
the tests: a) No 751/1; b) No 752/2

This result indicates that, under these conditions,
the friction is caused not only by transfer of the mate-
rial, but also by the interaction of the surrounding at-
mosphere with the sliding surfaces, activited by the
friction energy. The processes of tribomechanical oxida-
tion are also important at sliding of dry surfaces of
Al203 over the coatings in the atmosphere of air.
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4. SUMMARY

1. The coatings (TiZrCrNbSi)N were obtained by
means of vacuum-arc sputtering of (TiZrCrNbSi) mate-
rial in reaction medium.

2. It was shown, that nitride nanostructured coatings
include only one phase of solid colution with fcc- lattice of
NaCl structural type with preferred orientation (111).

3. The hardness of the coatings is in a range of 17 to
24 GP depending on physical deposition parameters.

4. Annealing of the coatings (TiZrCrNbSi)N at
T=700°C hasn't changed phase composition of the
coatings.

5. The tribological characteristics of the coatings ob-
tained at bias potential Up=— 100V and U, =-200V
and partial presure of nitrogen P = 3,5 x 103 Torr be-
fore and after annealing have been studied.

6. It was detected that wear resistance (wear factor)
of the coatings after annealing was 1,03 x 10 % mm3 x
x N-1x m~-1has increased in regards with wear factor
before annealing 7,8 x 10~ mm3 x N-1xm~-1,

TpuborexHiuHi XapaKTepPUCTUKHN 0araToejieMeHTHUX NOKPUTTIB Ha OCHORI HiTpuaiB
Ti, Zr, Cr, Nb, Si, orpuMaHuX 3a JOIIOMOI'OI0 BAKYYMHO-AYTIOBUX METOIIB OCAIKEeHHI

V.C. Hemuenxo!, B.IO. Hosikos2, O.B. Co6osp3, C.C. I'paurkun!, E.M. Tyaubeen2, A. Pagskot

I Xapriecorkuti nayionanvrut yrisepcumem im. B.H. Kapasina, Xapkie, Yipaina
2 Ben1eopo0cvKull HauloHAIbHUL 00CIOHULbKULL YHI8epcumem, Benzopoo, Pocis

3 HauionanvHuti mexniunull yrnisepcumem «XapKiecoKull nosimexniunuil incmumym», Xapkie, Yipaina

4 Cymcoruti Oepocasruil yuisepcumem, Cymu, Yepaina

B po6Goti Oy BuBYeHI (PPUKINIHI BJIACTHBOCTI 0araTOKOMIIOHEHTHHUX HAHOKOMIIO3UTHHUX IIOKPHUTTIB 34
JIOIIOMOTOI0 TPUOOMETPUYHOro MeToxy. HaHoCTpyKTypoBaHI HITPUIHI MOKPUTTS CKJIANAITHCA 3 a3y TBep-
nmoro pozunHy ['TIK-temy ta dasu tumy NaCl 3 mepeBasxzoo (111) opienrartieo. Takxosk OyB BHBUEHMIT
BILJINB TeMIIEpaTypH Biamasy Ha TPHOOJIOTIYHI XapaKTePUCTHKI. 3HOCOCTIHMKICTE MICJIsT TePMOOOPOOKH 3Me-

uryerbes 3 7.8 x 10-5 mm3 x N-1x m-110 1.03 x 10-5mm3 x N-1x m~1,

Kmiouori cmosa: Meron BakyyMm-turaamoBoro ocajpkenHsi, Hamoxkommoswrw, HiTpumm TyrommaBrmx

merasie, TprbosiorivuHi XapaKTepUCTUKH.

TpuboTexHUYEeCKHE XapPaKTEPUCTUKNA MHOI03JIEMEHTHEIX MOKPHITUM HA OCHOBE HUTPHUI0B
Ti, Zr, Cr, Nb, Si, mo/1y4eHHBIX C IOMOIILI0 BAKYYMHO-IYTOBBIX METOJOB OCAKICHUI

¥.C. Hemuenko!?, B.JO. Hosuxros2, O.B. Co6osn3, C.C. I'parkiu!, E.M. Tymi6ies2, A. Pagpkot

1 Xapovrosckuil Hayuonanvhoili ynusepcumem um. B.H. Kapasuna, Xapvros, Ykpauna
2 Benieopo0cKuil HAyUOHAIbHbLL Uccaedo8amenbekull yrusepcumem, Beneopoo, Poccus

3 HayuonanvHoili mexHuueckull yHusepcumem «XapbKo8cKul nonumexrnuueckuil uncmumym»n, Xapvkos, Ykpaura

4 Cymcruli eocyoapemeennbili ynusepcumem, Cymot, Yepauna

B pa6ote Gbliu uM3yyeHBl QPUKITMOHHBIE CBOMCTBA MHOTOKOMITOHEHTHBIX HAHOKOMIIO3UTHBIX TOKPBITUI
TprbOMeTpUYeCKUM MeTooM. HaHoCTpYKTyprpoBaHHBEIE HUTPUIHBIE TIOKPHITUSA COCTOAT U3 (Pa3bl TBEPIOro
pactBopa 'lIK-tuma u daser Tuma NaCl ¢ momassomeit (111) opuenrarmeit. Takixe OBLIO M3y4YeHO BJIUS-
HUE TeMIIePATyPHI OT;KUTa HA TPUOOJIOTHUYECKUE XapAKTePUCTUKN. VI3BHOCOCTOMKOCTE mmocse TepMooopaboTRu
yMmenbinaercs ¢ 7.8 x 10-5mm3 x N-1xm-110 1.03 x 10-5mm3 x N-1 x m—1,

Knrouessie cioBa: Merton Bakyym-miasmeHHoro ocasgenus, Hawoxommosurtsl, Hurpumer TyromnaBrux
MeTaJIoB, TpubosIornyeckre XapaKTepUCTUKY.
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