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By methods of structural analysis (a precise X-ray diffraction method and raster electron microscopy) in
conjunction with tests on physical and mechanical characteristics (hardness, elastic modulus, friction force
and friction coefficient) comprehensive studies have been conducted. Such complex researches are the basis
for optimization of properties of multiperiod systems TiN./ZrN; by changing their structural states (structural
engineering). The main parameters of changes were: number of layers (n) from 134 to 534 (at total coating
thickness of about 10 microns) and magnitude of negative bias potential Uy. Formation of biphasic (TiNx and
ZrN;) condition was revealed. On substructural level the most sensitive to U, is micro-strained state. The
growth of micro-strain with an increase numbers of ZrN, layers (at the greatest Uy = — 200 V) testifies about
the determining contribution of irradiation of heavy Zr ions in defect formation at formation of coating. Is es-
tablished that under optimal technological parameters of receiving of multiperiod TiN./ZrN. coatings their
hardness is in the range 40-50 GPa that corresponds to super hard condition. Dependence of penetration
depth of indenter is revealed during testing in a pair of "diamond - multiperiod TiNx/ZrN. coating" and coeffi-
cient of friction on the ratio H/E, which characterizes the elasticity of material.

Keywords: Multiperiod coating, Number of layers, TiN./ZrN,, Substructure, Micro-strain, Crystallite size,
Hardness, Depth of penetration, Friction coefficient.
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1. INTRODUCTION

Is known that functional characteristics of materi-
als, such as fatigue strength [1, 2], wear- [3, 4] and cor-
rosion resistance [5] etc. depends on features of struc-
ture of surface layer [6, 7].

For increase resource of operation products is usual-
ly not required increase of bulk properties their mate-
rials, is sufficient surface modification of material
[8,9]. To the greatest degree this can be achieved
through application of coating on the basis of composite
materials with special properties [10-12].

Such coatings are widely applied in modern tech-
nique. Enhancing of requirements to reliability of
techniques in conditions intensive thermobaric load
causes necessity of further improvement of coatings
[11, 12]. One way of solving this task is creation of
multicomponent [13] and multilayer [9] coatings that
used to improve operability details of cutting tools
(operating at high speeds of cutting), improving the
reliability of friction units, protection of details
against corrosion [14, 15].

High thermal stability of physical and mechanical
properties [16] and high sustainability to oxidizing of
[17], low adhesion activity [18] are necessary properties
of mono- and multilayer coatings [19]. These properties
are strongly dependent against phase composition,
thermal stability of separate phases (for layers, out of
which comprised the coatings) [20].

However, questions that associated with processes
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61.05.cp, 61.82.Rx

and mechanisms of achieving high physical and mechan-
ical properties in coatings and possibility to manage the-
se properties yet require answers and explanations.

In recent time all larger attention is given to coat-
ings from zirconium nitride. Availability of own base of
zirconium in Ukraine, its high physical and mechanical
properties and great use in atomic energy open wide
prospects for its industrial application in the form of
vacuum-arc coatings. Particularly high properties
demonstrate multiperiod compositional coatings on the
basis of zirconium nitride: ZrN/MoN [21], ZrN/CrN
[22, 23] ZrN/TiN [24].

2. SAMPLES AND METHODS OF RESEARCHES

Multilayered two-phase nanostructured coatings
TiNw/ZrN. were precipitated in vacuum-arc installing "Bu-
lat-6" [25]. By way of materials of cathodes are used: tita-
nium BT 1-0; low-alloy zirconium; active gas —nitrogen
(99,95 %). Coatings were deposited on surface of the sam-
ples (20 x 20 x 2 mm) from steel 12X18H10T that pre-
pared by standard methods of grinding and polishing.
Procedure of deposition of multilayer coatings is included
following operations. Vacuum chamber was evacuated to
a pressure of 10-5Torr. Then to swivel apparatus with
substrate holder were fed negative potential of 1 kV, were
included evaporator and were produced purification of
surface of first of the two substrates by bombardment of
ions of chromium during 3 ... 5 min. Thereafter substrate
holder was rotated 180° and was carried out same purifi-
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cation of second substrate. Further concurrently were
included are both evaporators, was fed nitrogen into the
chamber and were precipitated first layer from one side
ZrN, and from the opposite — TiN.

Process of deposition was performed at the following
technological conditions. After deposition of first layer
are both evaporators were turned off, were turning sub-
strate holder for 180° and again concurrently have in-
cluded both evaporators. Arc current during the deposi-
tion was 100 A, nitrogen pressure (Px) in the chamber
was varied in the interval 10 -5...5 x 10 —3 Torr, distance
from the evaporator to the substrate —250 mm, sub-
strate temperature (Ts) was in the interval 250 ... 350° C.
Were obtained coatings of thickness about 10 microns.
At the time of deposition on a substrate was fed constant
negative potential Up=—70 ... —200 V.

Multilayer nanostructured coatings TiN.«/ZrN. with
simultaneous ion implantation in the deposition pro-
cess were precipitated at filing on substrate holder of
negative potential, both in a constant and in the pulsed
modes (with a pulses duration 10 microseconds,
frequency of following 7 kHz and amplitude (Ujp) up to
2000 V) [25]. The main advantage of this method of
plasma ion implantation and deposition (PBII&D-
method) during synthesis of two-phase nanostructures
TiN«/ZrN: is to substantially reduce of temperature
substrate (below 200° C) that should block noticeable
diffusion stirring of system components [26, 27].

Phase composition, structure and substructural
characteristics have been studied by method X-ray dif-
fractometry (DRONE-4) with use Cu-K,-radiation. For
monochromatisation of registered radiation was used
graphite monochromator, which was installed in a sec-
ondary beam (ahead of the detector). Study of phase
composition, structure (texture, substructure) were
produced by means traditional methods of ray diffrac-
tometry through the analysis of position, intensities
and forms of profiles of the diffraction reflexes. For
decryption of diffractograms were used tables of Inter-
national Centre for Diffraction Data Powder Diffraction
File. Substructure characteristics were determined by
method approximation [10, 20].

Microindentation was performed on installing "Mi-
cron-gamma" at a load till F=0,5 H diamond pyramid
Berkovich with an angle of sharpening 65°, with auto-
matically execution loading and unloaded throughout
30 seconds [28].

Research of characteristics wear resistance was per-
formed on the device "Micron Friction" by method of
rotation of diamond indenter with radius of curvature
of about 500 microns on a circle of covering. The load
under friction was chosen such that the thickness of
immersion indentor has been less than coating thick-
ness. The load was varied in the range of 150-550 g and
the number of friction circles has reached 1000.

In the process of friction were taken photos of the
friction surface, the curve of the scanning depth of the
groove and 3D profile of the groove itself. In automatic
mode were fixed the load level (P) and the friction force
between diamond surface and the coating (). The fric-
tion coefficient (f) was determined as a result of atti-
tude of friction force to the load.

J. NANO- ELECTRON. PHYS. 9, 01032 (2017)

3. RESULTS AND DISCUSSION

As have shown researches of microstructure of
kinks — multilayer coating even when applying a large
bias potential of —200V that leads to high energy of
charged film-forming particles, retains good planarity
of deposited layers without express large droplets
(between the layers and within the layers) (Fig. 1).
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Fig. 1 — The microstructure of the fracture of multilayer coat-
ings TiN./ZrN., that obtained by Px=0,4 Pa and an action
U, =— 200 B with the number of layers: a — 134 (bilayer thick-
ness A = 800 nanometers), b — 268 (A = 400 nanometers), ¢, d —
534 layers (A= 200 nanometers) at different magnification.
Total coating thickness about 10 microns

More light layers—ZrNy, which is receive
approximately 1.5 times thicker than TiNx That is
deposition rate TiN: is lower than of nitride zirconium.

Method of ray diffractometry been used for study of
phase composition, structure and substructural states.
According to results of decipherment data of X-ray
diffraction spectrums (Figure 2) for all used periods
and the thicknesses are revealing 2 systems of
diffraction spectrums: one is inherent to TiN. phase
(JCPDS 87-0629 card), the second —ZrN: phase
(JCPDS 35 — 0753 card).
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es conducted for this series of coverages with using Ui
are showed (spectrums 3 and 4, Figure 2, b) that using
of high voltage potential leads to a decrease degree
texturing with axis of texture [111] and the emergence
of yet two other axes of texture [311] and [110]. Let us
note that the formation of axis of texture [110] deter-
mined by the action of radiation factor (cascade-
forming) at deposition [25, 29, 30].

More significant is changed texture at applying Ujp in
coatings with a larger number of layers n=359
(A=200nm). A strong texture [111] inherent to deposi-
tion with Us=-70...—200V (Figure?2, ¢, spec-
trums 1, 2, 3) is changed in ZrNx layers on [110] (Fig-
ure 2, ¢, spectrum 4). In TiNy layers the texture [111] is
retained.

At the largest number of layers 534 (Figure 2, d) is
happening strengthening of texture [111] in the layers
TiN: and ZrNx.

On substructural level the largest effects in changing
of dislocation structure—at Us=-200V (Figure 3).
Change in mean size of crystallites (the ordered dislo-
cation) is happening stronger in ZrN; layers. In com-
parison with TiN. layers in ZrN, layers is more the
middle size of crystallites by absolute meaning. This
may be connected with the fact that system Zr-N has a
much more stronger bonds between atoms (high heat of
the formation) than TiNx.

At a large number of layers and their lesser thick-
ness the middle sizes of crystallites in both layers are
becoming approximately identical. This quantity L is
determined by thickness of the layer.

In layers of coatings obtained at a lower U, =—140V
(Figure 3, ¢) tendencies that above described are stored.
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Fig. 2 — Plots of diffraction spectra of coatings with different
numbers of layers 134 (a), 268 (b), 359 (c) and 534 (d) and
obtained at transmitting a negative potential to the substrate
Up:1-200V,2-150V,3-70V,4—-70V and U, =- 2000 V

As is evident from diffraction spectrums of coatings
that obtained with the least number of layers
n =134 at A=800nm (Figure 2, a), the use Up in the
interval — 140 ... — 200V does not lead to noticeable
changes in phase-structural condition of coatings.
Same i1s possible to state also for a larger n =268
(Figure 2b, spectrums 1 and 2). Comparative research-
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Fig. 3 — Substructure characteristics (L — size of crystallites,
<e> — micro-strain) ZrN: (1) and TiN (2) layers of coatings by
thickness about 10 microns, depending upon number of layers
na,b-—Uy=—200V,c,d—Uy=—140V

The greatest impact of Us on the micro-strained state
(Figure 3, b, d). For comparatively lower Uy =— 140V the
absolute values <g> practically independent of number of
layers (and respectively of their thickness). At larger
U, =—-200V and small thicknesses of ZrNx layers (large
n) — they strongly micro-strained (high density of disor-
dered dislocations). This may be associated with superfi-
cial ion bombardment of growing layers ZrNx by heavy
ions Zr [21]. Herewith relaxation of deformation is diffi-
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cult due to availability of closely located interphase
boundaries.

Most universal characteristic of mechanical proper-
ties of coatings is their hardness.

In Figure 4 are showing data of hardness (H) and
elasticity modulus (E) of multilayer coatings TiN«/ZrNx
depending upon the number layers for two potentials of
bias. From these figures understood that at the same
number of layers (e.g. 100 layers) hardness at less con-
stant potential (— 140 V) is equal to 42 GPa, and at
Uy =—200V hardness is slightly lower and is 35 GPa.
This indicates that at a greater constant potential is
the maximum impact of radiation factor. Action of ra-
diation factor leads to disordering and lower of hard-
ness [15, 25]. We also note raise of hardness with in-
creasing the number of periods both for U, =—200V as
well as Up =— 140 V. The cause of identified effect may
be an increase of specific density of interphase bounda-
ries by increasing the number of layers. Interphase
boundaries are preventing to displacement of disloca-
tions and plastic discharge of deformation. Thus are
increasing hardness and strength of material.
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Fig. 4 — Graph of dependence of hardness (1) and elasticity
modulus (2) of number of layers for two potentials of bias: —
140V (a) and — 200 V (b)

Characteristic graph of change friction force for the
pair "multi-period covering TiN./ZrN, — diamond" de-
pending on number of revolutions (IN;) is showed in
Figure 5. It is seen that already after 5 revolutions (i.e.
at the initial moment of tests) the dependence goes to
values that are close to constant.

Low value of the friction coefficient is observed for
compositional multilayer coatings TiNs/ZrN. (f=0.1-
0.14). Despite the fact that the hardness of these
coatings are not highest among the investigated
compositional pairs [21, 22].

Analysis of obtained results is showing that for pair
« diamond - multiperiod coating TiN./ZrN," there is a

J. NANO- ELECTRON. PHYS. 9, 01032 (2017)
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Fig. 5 — The curve of friction force change (F) for the pair "di-
amond - multiperiod coating TiN./ZrN," depending on number
of revolutions (N;), which determines friction path)

dependence of friction coefficient from ratio H/E. Ratio
HI/E reflects the characteristic of resiliency of material.

The conducted investigations of immersion depth of
indenter in the pair "diamond — multiperiod coating
TiN./ZrN," (Fig. 6) are proving that immersion depth of
diamond indenter in the coating is also correlated with
ratio H/E.

t t
200 400 600 500 1000 1200

Fig. 6 — Images of surface multiperiod coating TiN«/ZrN. in
the pair with diamond (Uy = — 200 V, n = 268): a — profilogram
of coating surface, b — three-dimensional image of friction
groove

Dependence of change of the friction coefficient f
and introduction depths of indenter h from ratio H/E is
showed in Fig. 7.

It is seen that with increase of the ratio H/E (i.e. at
decreases of plasticity material and increasing of its
relative hardness) is happening a decrease of penetra-
tion depth of indenter and herewith diminishing of the
friction coefficient.
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Fig. 7 — Dependence of the friction coefficient change f and
penetration depth of indenter h from the ratio H'E

4. CONCLUSION

Thus, as used in the deposition conditions provide
good planarity multiperiod structures TiN/ZrN,.

J. NANO- ELECTRON. PHYS. 9, 01032 (2017)

Biphasic (TiN: and ZrNy) coatings condition that re-
vealed by X-ray methods indicates about low specific
contribution of section borders with mixed state in the
phase composition and structure. Also this is showing
low level of mixing for all used compositions with num-
ber of layers from 134 to 534.

On the substructure level most sensitive to Up is mi-
cro-strain. Its growth with increasing the number of ZrNx
layers (at the greatest Us =— 200 V) testifies about defin-
ing contribution of defect formation that stimulated by
irradiation of heavy Zr ions at coating formation.

It has been established that at optimal technologi-
cal parameters of obtaining multiperiod nitride coat-
ings TiN«#/ZrN. their hardness is in the range 40-
50 GPa that corresponds to superhard state.

Low value f=0.1-0.14 was found at research of
characteristic friction by method of introduction of in-
denter with rotation in the pair "diamond — multiperiod
coating TiN./ZrN;". Dependence of penetration depth of
indenter and friction coefficient from ratio H/E that
characterizes elasticity of the material was revealed.

Crpykrypa i pisuko-MexaHidHi BJIACTUBOCTI MHOTOMEPiOAHOM BAKYyMHO-AyTOBUX [IOKPUTTIB
Ha ocHOBI aBomapoeoi cucremu TiN./ZrNx

0.B. Co6omn!, A.A. Augpees?, T.B. Bouynsa3, B.A. Cron6osuii2, B.D. ['opbanns, A.B. dmuens’,
A.O. Meiinexos!

1 HauionanoHuti mexuiwHull ynigepcumem «XapkiecvbKull nonimexnivkuil incmumymn, 8ya. Kupnuuosa, 2, 61002
Xaprie, Yipaina
2 Hauioranvruti Haykosuil uenmp XapKigcoKuil (piaurxo-mexrHiuHuil incmumym, 8yJi. Axademiuna, 1, 61108
Xaprie, Yipaina
3 Xapriecvrull OepicasHULl yHIgepcumem xapuysarHs ma mopeieni, 8yn. Knouriecora, 333,
61051 Xaprie, Yikpaina
4 Incmumym npobnem mamepianosnascmea HAH Yipainu, eyn. Kpocusxcarnoscvkoeo 3, 03142 Kuis-142, Yrkpaina

IIpoBemeHi KOMILIEKCHI TOCTIIKEHHA METOAAMH CTPYKTYPHOro aHauriay (mpernusitinuit XRD-meton 1 pa-
CTPOBA €JIEKTPOHHA MIKPOCKOITis) B IIOCTHAHHI 3 BUIPOOYBAHHAMU HA (PI3UKO-MeXaHIdHI BJIACTUBOCTI (TBEp-
IiCTh, MOAYJIb IIPYSKHOCTI, CHJIA TePTS 1 KoedilieHT TepTs). Taki KOMIIEKCHI TOC/TIIKeHHA € OCHOBOIO JJIs
omruMmizarii Biaactusocreit MaoromnepiofnHoit cucteM TiNy/ZrN, masxom 3MiHH IX CTPYKTYPHUX CTAHIB (CTPY-
KTypHA iHkeHepis). OCHOBHMUME ITapaMeTpaMu 3MiHU OyJiu: uyncsio mapis (n) Bix 134 mo 534 (mipu 3araybHiN
TOBIIUHI ITIOKPUATTIB 01M3bK0 10 MKM) 1 BeJIMUMHA HETaTUBHOTO moTeHItiany 3cyBy Us. Bussimeno dopmysan-
ua gsodasroro (TiNy 1 ZrNy) cramy. Ha cyberpykrypHOro piBHi Haiblabm gyTusoo 10 Up € Mikpogedopma-
witt. 3pocTanHa Mikpogedopmariii 3i 30iaberHsaM unciaa ZrNy mapis (npu Haibasmomy Us = — 200 B) cBi-
JIYUTH [IPO BU3HAYAJBHUI BHECOK ONPOMIHEHHS BAKKHUMU Zr 10HAMU B YTBOpPEHHs HedeKTiB mpu gopmy-
BaHHI HOKPUTTS. BcTaHOBJIEHO, IO MIPU ONITUMAJIBHUX TEXHOJIOTIYHUX IIapaMeTpax OTPHUMAaHHS MHOTOIIePio-
nuou HiTpumuux HokpuTTiB TiN./ZrN, ix TBepmicts 3Haxomutbess B Meskax 40-50 ['Tla, mro Bimmosimae Ha-
TBEpPIOMY CTaHy. BusBIIeHO 3aJIesKHICTH I'IMOMHY MMPOHWUKHEHHs 1HJIeHTOpa IIPWU BUIPOOYBAHHSX B mapi
«anmas - bararormapose mokpuTTsa TiNy/ZrNmyw 1 KoedirtienTa TepTs Bix cmiBBigHomeHHs H/E, ke xapakTe-

pHU3ye MPYsKHICTH MaTepiay.

Kirouori cinosa: Bararomapose mokpurtst, Yucmo mapis, TiN./ZrN., Cyb6erpyrrypa, Mikpomedopmarris,
Posmip kpucrasmiris, TBepaicts, ['inbuna supoBamxenus, KoedimienT Teprs.
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CrpykTrypa u (pu3nKo-MexaHu4eCKHe CBOMCTBA MHOTOIIEPUOSHBIX BAKYYMHO-IYTOBBIX

HOKPBITHUI HA OCHOBE ABYyXCJI0HOM cucteMbl TiNyx/ZrNx

0.B. Cobonn!, A.A. Aunpees?, T.B. Bouyia3, B.A. Cron6osoir2, B.®. 'opbaunt, A.B. Axuess,

A.A. Meitnexos!

1 HayuonanvHbili mexnuueckuli ynusepcumem «XapbK0o8CKUL NOJIUMEXHUYECKUT UHCIMUMYm),
ya. Kupnuuosa, 2, 61002 Xapvkos, Ykpauna
2 HauyuorauvHbiil HayuHbiil yenmp XapovKo8CKUl (PU3UKO-MEeXHUUECK UL UHCMUmYym,
ya. Akademuueckas 1, 61108 Xapvros, YVipauna
3 XapovkoscKuil 20cy0apcmeerHbLil yHugepcumem nUumaHUs i mopaosJsl,
ya. Knourxosckas, 333, 61051 Xapvros, Yrpauna
4 Unucmumym npobnem mamepuanosederus HAH Yrpaunot,
ya. Kporcuorcarnoscroeo 3, 03142 Kues-142, Yipaurna

[IpoBe/ieHBI KOMIIJIEKCHBIE HCCJIEJOBAHHUS METOLAME CTPYKTYPHOTO aHasmsa (Iperu3moHHBIH XRD-
MeTOJ{ ¥ pacTpoBasi 3JIEKTPOHHAS MUKPOCKOIIWS) B COYETAHHU C WUCIBITAHUSIMU Ha (PU3UKO-MeXaHUJIEeCKUe
XapaKTepPUCTHUKY (TBEPJOCTh, MOYJIb YIIPYTOCTH, CHJIa TPeHUs U KoaduiimeHT TpeHust). Takne KoMILIekc-
HbIe WCCJICOBAHUSA SBJISIOTCS OCHOBOM JJISI ONITUMU3AIIMU CBOMCTB MHOTOIEPUOAHBIX cucTeM TiNy/ZrN; my-
TeM M3MEHEHUsI WX CTPYKTYPHBIX COCTOSHUU (CTpyKTypHAasi nH:keHepus). OCHOBHBIME IIapaMeTpamMyu H3Me-
HeHusA ObLIH: Ymucsio cyioeB (n) or 134 mo 534 (pu o0IIel TOJIIHHE MOKPHITHI 0K0J0 10 MKM) ¥ BeJIMYMHA
orpuraTesbHOro rnorenryasa cmemenus Uy. BeisiBineno dopmuposanue nsyxdasuoro (TiN: u ZrNy) cocrosi-
aust. Ha cyGerpykTypHOM ypoBHE HanboJsiee uyBcTBUTENBbHOM K Us siBisiercss Mukpogedopmanusi. Pocr Muk-
ponedopmariuu ¢ yBesumuenueMm uucsia ZrN. cioeB (upu Hambosnbmem U =— 200 B) cBumeresnscrByer 06
OIIpeJesISIONIEM BRJIA/IE OOJIyUeHUs TSIKEeJIBIMU Zr MOHAMU B obpasoBaHUU JedeKTOB Ipu POPMUPOBAHUK
IIOKPBITHS. ¥YCTAHOBJIEHO, YTO IIPY OIITUMAJIBHBIX TEXHOJOTUYECKUX IapaMeTpax IOJIyYeHUs] MHOTOIIePHO -
HBIX HATPpUAHBIX MOKpEITHi TiNy/ZrN. mx TBepmocts Haxomurcesa B mpenesiax 40-50 I'Tla, uto coorBeTcTBYET
CBEPXTBEPJIOMY COCTOSIHUIO. BEISIBJIEHA 3aBUCHUMOCTH TUIyOMHBI IPOHUKHOBEHUS WHJIEHTOPA IIPU HCIIBITAHU-
sIX B IIape mape «anmas- MHoronepuogHoe morpeitre TiNy/ZrN» i koadduitmeHTa TPEHHUSI OT COOTHOLIEHUST
HIE, xoTopoe xapakTepu3yeT YyIPyrocTh MaTepuasa.

Kirouessie cioBa: Muoronmepuonsoe mokpeitue, uncio cyioes, TiN./ZrN:, cyberpykrypa, Mukpomedopma-

J. NANO- ELECTRON. PHYS. 9, 01032 (2017)

1Hsi, pa3Mep KPUCTAJIJINTOB, TBEP/OCTh, IVIyOMHA BHEAPEHUSI, KO3(P(UIINEeHT TPEHUS.
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