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In the article discusses the results of the deposition of nanostructured coatings obtained by vacuum arc
deposition of cathode (Ti-Zr-Nb), and analyzes their structure, morphology, elemental composition, and
tribological properties (friction, wear and adhesion). The structural analysis showed the formation of an
FCC phase and BCC phase in a small amount (at a chamber pressure P = 4-10-3 Torr). The results of tribo-
logical tests showed that the friction coefficient varies from 0.61 to 0.491, and Vickers hardness from 37 to
44.57 GPa when changing (increasing) the pressure in the chamber. The analysis of the elements in the

tracks of friction was studied.
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1. INTRODUCTION

During the exploitation the surface layer of parts ex-
pose to heavy mechanical, thermal and chemical re-
sistance. In most cases the loss of their efficiency from
the surface is the result of wear, erosion and corrosion
resistant surface. Thus, a significant resource of increas-
ing of parts capacity is to improve the properties of ma-
terial and increasing their tribological properties.

Application of volume-doped materials is often the
uneconomical, and in some cases technically impossi-
ble. However, the required results can be achieved by
modifying not entire volume, but only the surface layer
material, for example, by applying to the working sur-
face of multifunctional coatings having high hardness,
wear and heat resistance. Multi-element coating on
carbides, borides, nitrides and silicides of transition
metals are often used as such coatings [1-4]. The stabil-
ity of the structure and composition, as well as high
performance characteristics of multi-element nitride
systems provide the required physical and mechanical
characteristics of the surface and makes promising
their use as protective films that prevented ingress of
harmful impurities in the subsurface layers of products
[5, 6]. Currently, methods of ion-plasma deposition of
coatings, in particular vacuum arc evaporation and
magnetron sputtering are the most widely used [7, 8].

In this paper peculiarities of ion-plasma coatings in
vacuum-arc evaporation of multi-element systems
based on Ti-Zr-Nb in reactive nitrogen atmosphere and
the analysis of their physical and mechanical proper-
ties are studied.

2. EXPERIMENTAL

The coatings were formed by vacuum arc deposition.
As the vaporized materials used unit-cast target (cath-
ode) on the basis of 30 Ti-35 Zr - 35 Nb (at. %). Coating
deposition produced at a pressure of the working gas
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PACS numbers: 81.15.Ef, 81.15. —z

(molecular nitrogen) 3:10-%, 7-10-% and 4-10-3 Torr
(coating Series A, B and C, respectively). The thickness
of coating was 4,0 microns. The samples with size of
15 x 15 x 2,5 mm from steel 12X18H9T with roughness
of the original surface Rq = 0,09 microns were selected
as a substrates for the deposition of coatings. Deposi-
tion parameters as well as the surface roughness after
deposition of the coating are given in the Table 1.

Table 1 — Technological parameters of deposition and surface
roughness surface (Ti-Zr-Nb) N coatings

Arc Bias Nitrogen
. Roughness
Series | current | voltage pressure R. mem
Ia, A Usm, B Pn, Torr @
A 95 100 3x10-4 1,17
B 95 100 7x10-4 0,54
C 95 100 4x10-3 0,42

04098-1

The surface morphology, fractographs fracture and
track of friction was studied on a Scanning Electron
Microscope FEI Nova NanoSEM 450. The elemental
composition of the coatings was analyzed with spectra of
characteristic X-ray using built-in microscope energy
dispersive spectrometer of X-ray system PEGASUS
(EDAX). X-ray structural studies of the samples with
coatings carried out on a DRON-4 in Cu K, radiation in
pointwise mode with scanning step 26 = 0,05 degrees.

The microhardness of the coatings was measured at
hardness tester model DM 8 with a load on the indenter
0,05 N. Adhesion-cohesive strength, scratch resistance
and the mechanism of degradation of coatings were
studied on air using a scratch tester Revetest (CSM In-
struments).

The tribological tests were carried out on air in a
"ball-disc" on friction drive "Tribometer" (CSM Instru-
ments). To this coating with thickness 4,0 microns was
deposited on the surface polished (R.= 0,088 microns)
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samples in the form of discs of steel 45 (HRC = 55) with
a diameter 42 mm and a height of 5 mm. As counterface
the ball with diameter 6,0 mm was used, it is made of
sintered and certified material — Al2Os. The load was
3,0 N, the sliding speed was 10 cm/s. Test conditions
conform international standards ASTM G99-959,
DIN50324 and ISO 20808.

Roughness and also volume of removed coating ma-
terial were determined by the cross section of track
wear on the surface of a sample with an automated pre-
cision contact profilometer model Surtronic 25. The
structure of the groove wear coating and wear spots on
the balls were examined on optical inverted microscope
Olympus GX 51 and the scanning electron microscope
Quanta 200 3D. As a result of conducted investigation it
were evaluated wear factor [9] of sample with coating
and statistical partner (ball) according to methodic [10]:

W———[ 1
Pl m

where W — wear factor [mm3/N-m]; V — volume of re-
moved material [mm?3]; P - load [N]; [ — friction path [m].
The diameter of ball wear was determined using an
inverted microscope optical Olympus GX 71, the vol-
ume of removed material on the ball is calculated as:
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Vy=n-h (r—ghj, (2

where h=r—r —(d/2)2 — segment height; d — diam-

eter of wear; r — radius of the ball.
The volume of removed coating material is
V; =s-1l;, where [;; — the circumference, s — the cross-

sectional area of the path of wear.

3. RESULTS AND DISCUSSIONS

Image surface of the coatings as well as fracto-
graphs fracture are shown on Figure 1, 2, data on
changes in surface roughness (arithmetic average devi-
ation profile Rq) are showed in the Table 1.

The investigation of the surface morphology shows
that increasing the pressure of the reaction gas (nitro-
gen) in the working chamber leads to reduction the
amount and size of particulates, that is especially im-
portant at presence in a vacuum chamber the active gas-
es forming a refractory compounds with evaporating
material [11, 12-14]. Also, the decrease in the roughness
of the coating is observed.

Fig. 1 — Surface (Ti-Zr-Nb) N coatings produced at partial pressure of nitrogen: pressure of nitrogen during deposition P=3-10-4 Torr,
the surface roughness R, = 1,17 microns (a); P=4-10-3 Torr, R, = 0,42 microns (b)

Fig. 2 — Images of fractographs fracture of the coatings (Ti-Zr-Nb) N, obtained at a partial pressure of nitrogen: P = 4-10-3 Torr
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Fig. 3 — Diffractograms of the coatings obtained at different
partial pressure of nitrogen: a — P=3-10-* Torr (series A); b —
P="17-10-4Torr (Series B); c — P=4-10-3 Torr (Series C). Indices
of planes without designation refer to FCC phase (Ti-Zr-Nb) N
and the indices BCC — to the phase (Ti-Zr-Nb)

The data on the elemental composition of the coatings
are presented in the Table 2. As shown, the content of
nitrogen and niobium in a series of samples B and C is
practically the same, but in the samples obtained at the
higher pressure of nitrogen (Series B), the content of the
zirconium is higher and titanium is lower than in the
samples series B. Increasing the titanium content in the
coatings of series B connected, apparently, with a more
effective interaction titanium atom with the nitrogen in
the subsurface region. Data, summarized in [11, 15-17],
on the formation of nitride complexes in the surface region
during the deposition of transition metal in the nitrogen
atmosphere are lies in the basis of such hypothesis. Ti-N
is the most stable among these complexes. The formation
of stable nitride complexes significantly reduces the effi-
ciency of spray from growing surface (secondary spraying),
that eventually leads to its enrichment with strong ni-
tride-forming element (in this case Ti).

Table 2 — The elemental composition of coatings at. %

Series Elemental composition, at. %
N Ti Zr Nb

A 38,72 | 20,91 | 20,38 | 19,99

B 40,00 | 22,57 | 18,04 | 19,39

C 40,86 | 20,562 | 19,36 | 19,26

The analysis fraktograph fracture coatings obtained
under different partial pressures of nitrogen indicates
the formation of columnar structure that is character for
coatings obtained with vacuum arc deposition (see
Fig. 2). From submitted on Figure 3 diffractograms fol-
lows that the coating has a FCC structure, but a weak
peak at 260 = 38° indicates the presence of small inclu-
sions with BCC lattice typical for droplet phase formed
by vacuum-arc deposition of coatings [12]. With the in-
creasing of pressure of the reaction gas the intensity of
this peak decreases probably because of the significant
reduction of the content of the droplet phase in the coat-
ing, that correlates with the results of surface roughness
of the coatings obtained at different pressures (see
Fig. 1). A detailed analysis of the elemental composition
of the droplet phase of vacuum arc nitride coatings [7]
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Fig. 4 — Dependence of friction coefficient and acoustic emission
signal from the applied load at a scratch test of the coating
(Ti-Zr-Nb) N, obtained at a nitrogen pressure of P=4-10-3 Torr
(sample series B)

showed that the composition of the droplet phase in the
vacuum arc method of evaporation corresponds the melt
of evaporated metal target. On the other hand, in [3]
demonstrated that the multi-element metal melts from
similar 3d-elements form the generalized BCC lattice of
substitution during the crystallization. Therefore, the
revealed peaks relevant to the BCC lattice naturally
associate with formed while the deposition droplet
phase, which crystallizes with the formation of BCC lat-
tice of substitution from metal atoms (T4, Zr, Nb).

By increasing the pressure of the reaction gas it is

observe a noticeable increase of the relative intensity of
the diffraction peaks from a family of planes {111} cubic
FCC lattice nitride phase (Ti-Zr-Nb) N coatings that
indicates an increasing of the excellence of preferential
orientation growth of crystallites with axis [111] that
perpendicular to the plane surface. Defined with meth-
od of approximating the size of the crystallites with the
increasing of nitrogen pressure increases from 10 nm
(at the lowest pressure of 3-10-4 Torr) to 63 nm — at
the maximum pressure of 4-10 -3 Torr.
The research results of adhesive-cohesive strength and
scratch resistance of coatings are shown on Figure 4, 5.
By changing the values of the friction coefficient and
acoustic emission signal and with the increasing load of
scribing (see Fig. 4) the characteristic values of the
critical load L¢ were determined: Lci1 — the appearance
of the first chevron crack at the bottom and diagonal
cracks at the edges of scratches; Lcz — forming a plural-
ity chevron cracks at the bottom of the crack and local
delamination of coating, the formation of chevron
cracks at the bottom of the crack; Lcs — cohesive-
adhesive destruction of the coating; Lcs4 — plastic abra-
sion of the coating. As the criterion of the adhesive
strength the critical load Lcs at which the abrasion of
the coating occur was taken.

According to these criteria, the process of destruction
of the coating when scratched with the indenter can be
divided into four stages. In the load range of F'=9,89 N to
0,9 N there is a monotonically penetration of the indent-
er into the coating, herewith the coefficient of friction
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Fig. 5 — Micrographs of the contact area of the diamond indenter with coating (Ti-Zr-Nb) N (sample series B) at different stages of a

scratch test (see Fig. 3): Zone 1 (a); Zone 2 (b); Zone 3 (c); Zone 4 (d)

increases slightly, and the signal of acoustic emission
preserved unchanged. At the load F'= 15,81 N indenter
is completely immersed in the coating, and the slipping
of diamond indenter to the cover happens with the fric-
tion coefficient 0,35. When the load increases (F = 20,6-
36,4 N) occurs the extrusion of the material before the
indenter in the form of hillocks and increased the pene-
tration depth of the indenter.

In the Table 3 the results of adhesion test of the sam-
ples of obtained coatings (Zr-Ti-Nb) N are shown and pre-
viously obtained similar data for coatings (Ti-Zr-Si) N and
TiN [13] are shown there for comparison. According to
[14], the abrasion of the sample during the test on the
adhesive strength the most informative characteristics of
the destruction are the critical value of the load Lc.

As is known, the most universal parameter that al-
lows to evaluate the mechanical properties of the coat-
ing enough rapidity is its micro-hardness [11, 12]. The
results of such measurements for the coatings (Zr-Ti-
Nb) N are shown in Table 4.

As is seen, the maximum hardness HV = 44,57 GPa
achieved at a pressure of the reaction gas P=4-10-3
Torr, and according to [15, 18-21], such coatings can be
attributed to superhard (HVo,05 > 40 GPa).

Comparison of profilograms taken from the surface of
polished steel discs (substrates), and deposited on them
the coatings (Zr-Ti-Nb) N, showing that the coating depo-
sition leads to an increase of surface roughness apparent-
ly at the expense of drip compound of the plasma stream.

Table 3 — The results of adhesive tests of the coatings (Zr-Ti-
Nb) N, (Ti-Zr-Si) N and TiN

2 Coatings

s Z Z Z

= | 2« | 2= | 29 Z

> o8 o a8 = Z
£ | €5 | E5 | E5 | ¥ | F
5 \Ni 75} \Ni 17} g 177} \E'_/

L 2,91 0,9 9,89 3,91 21,31
L2 29,04 15,82 20,62 18,15 30,91
Lcs 43,18 42,37 36,43 24,29 | 40,28
Lcs 59,26 66,24 66,77 43,15 | 48,84

Table 4 — The average values of microhardness of the coat-
ings based on the system (Zr-Ti-Nb) N

Series Microhardness, HVo,05, GPa
A 37,21
B 40,21
C 44,57

Important parameter that determines the perfor-
mance of the coatings is also its tribological properties
(friction coefficient and wear factor). The coefficient of
friction y defines a cohesive strength rubbing materials
and the wear factor — the abrasion resistance (less
wear factor, the higher the abrasion resistance)[22-25].
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Fig. 6 — Surface of the coating of system (Zr-Ti-Nb) N after the tribological tests (a, c, €) and energy-dispersive spectra of friction
tracks (b, d, f): sample the series A (a, b); sample of series B (c, d); sample series B (e, ).

The type of friction tracks and tribological test re-
sults are shown on Fig. 6 and in Table 5. The friction
coefficient takes values from the initial (at the first
contact) to a stationary (column “when tested” in Table
5) at an output at constant value during the test.

On all samples with the coating (series A, B, C) the
friction coefficient was higher than 1,0. Such high values
may be explained with the high roughness (see Fig. 1),
associated with the presence on the surface and in the
coating of the droplet fraction formed at vacuum-arc
deposition. The appearance of a solid drip component
and the formation during the destruction of coating
products of wear in the form of particles consisting of

hard nitrides, leads to abrasion wear of the coating. The
reducing of the surface roughness decreases the friction
coefficient from 1,95 to 1,05. With the increasing of the
coating hardness the wear factor W of the coating de-
crease, and the counterface — increased (Table 5).

With the increasing of the pressure and the appear-
ing of preferential orientation of the crystallites growth
with the axis [111] (see Fig. 2) it is observed the reduc-
tion in capturing and wear material, which correlates
with the previously established increasing of hardness
with increasing of the nitrogen pressure during the
deposition of the coating.
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Table 5 — The tribological characteristics of the system “coat-
ing (Zr-Ti-Nb) N-Al20s”

Coefficient of Wear factor
. friction, u W, 10-5mm3/N-m
Series
Initial When Counterface Sample
tested with coating
A 0,61 1,95 0,391 9,69
B 0,45 1,19 2,84 3,1
C 0,491 1,05 3,21 2,4

The results can be explained with the increasing of
the atoms packing density in the plane (111) FCC lat-
tice [12, 26-29], that increases the hardness of the coat-
ing, since the introduction of the indenter at the axis of
the texture in the coating [111] occurs perpendicular to
these planes. The increasing of wear resistance in this
case is determined by that fact that during the wear
process layer by layer removal of more solid planes
(111) material occurs that minimizes its destruction.

4. CONCLUSIONS

Using the method of vacuum arc evaporation unit-
cast cathode in the environment of the nitrogen gas
reaction nanostructured coating of the systems (Ti-Zr-
Nb) N with a clearly pronounced columnar structure
were obtained.

The main phase (Zr-Ti-Nb) N that compounds the
coating has an FCC lattice. The increasing of the reac-
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tion gas pressure leads to the increase of the diffraction
peaks from a family of planes {111} that indicates an
increase the degree of the preferential orientation
growth of crystallites (texture of the axial type) with
axis [111] perpendicular to the plane of growth.

The highest microhardness (44,57 GPa) and the
wear resistance showed the coatings obtained at a max-
imum pressure of nitrogen. A formation of (Ti-Nb-Zr) N
phase with preferential orientation growth of crystal-
lites with axis [111] perpendicular to the plane of
growth is typical for this covering. The power of adhe-
sive destruction in such covering reaches 66,77 Pa.

ACKNOWLEDGEMENTS

This work was done under the aegis of scientificaly-
technical collaboration program between Sumy State
University (Sumy, Ukraine) and University of Poitiers
(Institut P', University of Poitiers, Poitiers, France),
and Ukrainian complex state budget programs “Crea-
tion of basis of superhard nanostructure coatings fabri-
cation with high physical and mechanical properties”
(registration number 0112U001382) and “Physical
principles of plasma technologies for complex treat-
ment of multicomponent materials and coatings” (reg-
istration number 0113U000137c).

The authors are thankful to Prof. Sobol’ O.V., Prof.
Beresnev V.M., Nemchenko U.S, Kolesnikov D.A., prof.
Pogrebnjak A.D.

Hanocrpyxrypasbie mokpsitus (Ti-Zr-Nb)N, nmosryueHHBIE METOIOM BaKyyMHO-IyTOBOI'O UCIIA-
peHusa: CTpyKTypa B CBOHUCTBA

O.B. Maxcaxogal, C.C. I'paukun?, A.B. Boumaps!, 1.0. Kpasuenxro!?, J[.K. Eckepmecos?!:3, A.B. IIpoxo-
nenxo!, H.K. Epageibaesa3, B. Hosibibexost

L Cymcruil 2ocyoapcmeennbili ynusepcumem, ya. Pumckozo-Kopcarosa, 2, 40007 Cymut, Vepauna
2 Xapovrosckuil HayuoHavHbil yHusepcumem umeru B.H. Kapasuna, nni. Ceo600bt 4, 61022 Xapwvros, Yipaura
3 Bocmourno-Kazaxcmarnckuil 2ocyoapecmeennbvili mexnuueckull yHusepcumem umernu Jl. Cepurbaesa,
ya. [Ipomozanosa, 69, 070004 Yemo-Kamernoeopck, Kazaxcman
4 Kapakannaxckuil 20cyoapcmeennbili yHusepcumem, yai. A6duposa 1, 742012 Hykyc, Yabexucman

B crarpe o6cymanTcs pe3yabTaThl OCAMKIEHUS] HAHOCTPYKTYPHBIX IOKPBITUN,I0JIyUeHHBIX BAKYYMHO-
nyroeeiM ucnapennem karoma (Ti-Zr-Nb),a Takike aHaIM3UpPYyIOTCA UX CTPYKTYPa, MOP(OJIOTHS, IJIEMEHT-
HBIM COCTAB M TPHUOOJIOTMYECKHE CBOMCTBA (TpeHue, M3HOC, anre3us). CTPYKTYpHBINA aHaIu3 mMOKa3as op-
muposanue I'IIK daser u B HeGombmom xommdectse OIIK-dassr (mpu masiaenun B kamepe P = 4-10-3 Topp).
PeaysibraTer TprbOIOrMUECKUX WMCHBITAHME IIOKA3ad, uTo KoddduieHT TpeHus mamensiercss or 0.61 1o
0.491 u tBepmocTh 1m0 Burkepcy or 37 mo 44.57 I'lla, npu naMeHeHun (yBe/JMYEHNH) OABJIEHUA B KaMepe.

IIpoBenen anamn3 971€MEHTOB B IOPOKKAX TPEHUSI.

Kimouersrie cnosa: Hanocrpykrypasie (Ti-Zr-Nb)N, Teepmocrs, Ousnko-mexanmdeckne cBoiictea, CTpykTypa.
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HanocrpykrypHi nokpurra (Ti-Zr-Nb)N, orpumani MeTo0M BAKYyMHO-IyTOBOT'O BUIIAPOBY-
BaAHHA: CTPYKTYpPa Ta BJACTUBOCTI

10.

11.

12.

13.

14.

0.B. Maxcaxrosal, C.C. I'pauxin2, O.B. Bougap?, 1.0. Kpasuenko!, [I.K. Ecxepmecon?:3,
A.B. IIpoxomenxo!, H.K. Epau6aesa3, B. Hominbexont

1 Cymcvruil depocasruli yHisepcumem, 8yJi. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina
2 Xapriscoruli HaylonanbHuil yuisepcumem imerni B.H. Kapasina, no. Ceoboou, 4, 61022 Xapxkie, Yrpaina
3 Cxiono-Kazaxcmarncokuli Oepocasruii mexuiunuil ynisepcumem imeni /. Cepixbaesa, ey.. Ilpomosarosa, 69,
070004 Ycmo-Kam anoeipevk, Kazaxcman
4 Kaparkannakcokuli OeporcasHuli yHisepcumem, 8yJi. A6ouposa 1, 742012 Hykyc, Yabexucman

YeraTTi 06roBOPoOIOTECS PE3YJIBTATA OCAKEHHSI HAHOCTPYKTYPHUX IIOKPUTTIB OTPUMAHUX BaKYyMHO-
nyroBuM BumapoByBaHHAM Karony (Ti-Zr-Nb), a Takosk aHasidyeThes iX CTpyKTypa, MOPQOJIOris, eJIeMeHT-
HUU CKJIaJ[ T4 TPUOOJIOTIUHI BIACTUBOCTI (TepTs, 3HOC, anresdis). CTpykTypHUN aHAaTI3 ToKa3aB hOpMYyBaHHS
T'TIK dasu Ta B Hepemmurkint kiibkocti OLIK — dasu (mpu Tucky y xamepi P = 4-10-3 Topp). Peaysnbsratu Tpu-
00JIOTYHMX BUIPOOYBAaHb IIOKA3AJIH, 110 KoedimieHT TepTsa aMmiHoerhesa Bim 0.61 mo 0.491 Ta TBepmicTs 3a
Bixrepcom Bix 37 mo 44.57 I'lla, pu amini (30i1bmrenHi) THCKY v kaMepi. IIpoBenennit aHamia eaeMeHTIB y

JIOPL3KKAX TepTs.

Knrouogi ciosa: Hanocrpyrrypsi (Ti-Zr-Nb)N, Teepaicts, ®izuko-mexanivuni Biactusocri, CTpyKTypa.
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