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The possibilities of structural engineering of multi-period vacuum-arc coatings based on nitrides of
transition metals Ti, Cr, Mo, and Zr have been investigated by structural studies (X-ray diffraction and
electron microscopy) in combination with measurement of hardness by indentation. The formation of phas-
es with a cubic crystal lattice under nonequilibrium conditions under vacuum arc method of production.
The supply of a negative bias potential of — 200V in mononitrides leads to the predominant formation of
texture of crystallites with the [111] axis. The introduction of thin (about 10 nm) metal layers leads to a
decrease in texture perfection [111] and texture formation [100]. This effect is associated with a change in
the stress-strain state of nitride layers. It is determined that the composite multiperiod coatings
(Me1N/MezN)/(Me1/Me2) have a greater hardness and greater resistance compared to MeN/Me. For a multi-
period system with damping metal layers — (ZrN/CrN)/(Zr/Cr), superhard coatings with a hardness of
46 GPa were obtained.

Keywords: Vacuum-arc method, Multiperiod coatings, Structural Engineering, Stress state, Hardness,

Strength.
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1. INTRODUCTION

Nowadays, a structural engineering is one of the
more sought-after scientific and technical areas of ma-
terials science. Due to the use structural engineering is
already at the development stage manage to predict the
functional parameters derived materials [1]. In the
area of production of coatings - structural engineer de-
termines the possibility of the directional selection of
physical and technological conditions of deposition and
the subsequent impact on the condensate to produce
the desired structure of the design that determines the
achievement of the required performance properties
[2 —4]. A result of using of the structural engineering
can be obtained, as a new phase states [5] as well as
the most effective structure [6] and the stress-strain
states [7].

The most promising technology industrial obtaining
coatings is vacuum-arc PVD method. This method 1is
widely applied to obtaining coatings TiN [8], HfN [9],
MoN [10, 11], ZrN [12], CrN [13, 14], NbN [15], and
lately multicomponent (TiAI)N [16], (TiCr)N [17],
(MoA])N [18] and multiple element high-entropy mate-
rials [19]. However, the highest operational character-
istics of manages to reach by engineering composite
multilayer periodic structures. Among the most inves-
tigated in this direction compositions can be attributed
TiN/Cu [20], TiN/CrN [21], HfN/VN [22], TiN/«-Ti [23],
(Ti, A)N/VN [24, 25] and TiN/VN [25, 26], etc., from
materials as compatible with each other, so [27] and
incompatible [29]. Results of investigations are prove
that multicomponent and especially multilayer coatings
considerably exceed coatings TiN by properties [7, 19].
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PACS numbers: 64.75.St, 81.07.Bc¢, 62.25. — g,
61.05.cp, 61.82.Rx

In this work task was to identify opportunities for
structural engineering multiperiod structures when
used as constituent elements of the most promising
transition metals. According to this, the aim of this
study was to establish the regularities of formation of
phase composition, structural conditions and their in-
fluence on the hardness of the multilayer vacuum-arc
nitride coatings based on Ti, Cr, Mo, and Zr.

2. SAMPLES AND METHODS OF RESEARCHES

Multilayered two-phase nanostructured coatings
were precipitated in vacuum-arc installing "Bulat-6".
By way of materials of cathodes are used: titanium BT
1 — 0; low-alloy zirconium, chromium and molybdenum,;
active gas — nitrogen (99,95 %). Coatings were deposit-
ed on surface of the samples (20 x 20 X 2 mm) from
steel 12X18H10T that prepared by standard methods of
grinding and polishing. Procedure of deposition of mul-
tilayer coatings is included following operations. Vacu-
um chamber was evacuated to a pressure of
10 -5 Torr. Then to swivel apparatus with substrate
holder were fed negative potential of 1 kV, were includ-
ed 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 hold-
er was rotated 180 ° and was carried out same purifica-
tion of second substrate.

In forming multilayer coatings after deposition of
first layer are both evaporators were turned off, were
turning substrate holder for 180° and again concurrent-
ly have included both evaporators. Arc current during
the deposition was 100 A, nitrogen pressure (Py) in the
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chamber was varied in the interval 310 -3 Torr, dis-
tance from the evaporator to the substrate — 250 mm,
substrate temperature (7s) was in the interval 250 —
350 °C. Coatings of thickness about 10 microns were
obtained. At the time of deposition on a substrate was
fed constant negative potential Up =—-70 ——200 V.

Phase composition, structure and substructural char-
acteristics have been studied by method X-ray diffractom-
etry (DRON-4) with use Cu-K, - radiation. For monochro-
matisation of registered radiation was used graphite mon-
ochromator, which was installed in a secondary beam
(ahead of the detector). Study of phase composition, struc-
ture (texture, substructure) were produced by means tra-
ditional methods of ray diffractometry through the analy-
sis of position, intensities and forms of profiles of the dif-
fraction reflexes. For decryption of diffractograms were
used tables of International Centre for Diffraction Data
Powder Diffraction File. Substructure characteristics were
determined by method approximation.

Stress-strain state determined sin? %-method for cu-
bic lattice [29] under the assumption of a plane-
strained state of the coating.

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 [30].

3. RESULTS AND DISCUSSION

Comparison of the morphology of the fracture nitride
coatings in a single layer and multi-layer state (Fig. 1)
shows that at the transition from single-layer to multi-
layer structure is maintained good planarity of the layers.
Trickle metal phase as inside coating monolayer so and
multilayer compositions practically not detected. Changes

b

Fig. 1 — Morphology fractures of the vacuum arc coating mo-
nonitride ZrN (x2000) (a) and system ZrN/Zr (x20000) (b)
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associated with the factor thickness for the layers affect
the structural and substructure levels, as well as the
stress-strain state.

In order to study structural state in the work the
method of X-ray diffraction. Fig. 2 shows comparative
diffraction spectra for the two types of systems: mono-
nitrides and multiperiod bilayer systems "mononitride
— metal". For all mononitrides systems at their deposi-
tion in highly non-equilibrium conditions (typical of the
vacuum-arc method) there is a formation phases with a
cubic crystal lattice structure type NaCl. This type of
lattice corresponds to high temperature conditions for
Mo and Cr deposition system at a temperature of about
500 K is a non-equilibrium. Fig. 2 are designated plane
for NaCl-type lattice structure corresponding detecta-
ble diffraction peaks.

From the spectra in Fig. 2 that the introduction of
the interlayer of metal analog nitride component (aver-
age thickness nitride layer of 50 nm and a metal inter-
layer of about 10 nm) for all systems studied reduces
the degree of texturing of the crystallites with [111]
axis. This is manifested in a decrease in the relative
intensity of the diffraction peaks of the family of the
{111} corresponding planes texture. It must be noted
forming another axis texture [100] in the system
CrN/Cr (Fig. 2a, spectrum 2). Also singularities appear
in the system on the basis of Mo (metal with the lowest
heat of formation of nitride, among the studied systems
in the work). Using this case, a large negative bias po-
tential Uy =— 200 V results in the formation in a single
layer state (with a thickness of 7 microns) of composite
material consisting of »Mo2N phase with an crystal
lattice NaCl type and a-Mo (Fig. 2d, spectrum 1). In the
case of thin layers in a multi-period composition, phase
structure formed determined by the action a secondary
sputtering growth surface - light weakly bound nitro-
gen atoms [29]. This leads to the formation only of met-
al layers a-Mo (Fig. 2d, spectrum 2). Still another fea-
ture revealed in analyzing the data in Fig. 2 is a shift
toward larger angles diffraction peaks coating system
MeN-Me (where the Me- transition metal) relative to
the peaks MeN coatings. This change is determined by
the partial relaxation of condensation (structural),
compressive stresses in the coatings [29]. Largest dis-
placement is detected for the system ZrN-Zr (ie for a
system based on zirconium nitride, where the bond
between the metal and nitrogen highest among the
studied systems).

According to the data the results of X-ray
tensometry (sin?%— method) stress state varies ZrN
layers of compression — 9.5 GPa (in the single-layer
coating) to — 3.4 GPa (in thin layers of Multi-period ZrN
coating ZrN/Zr).

To a somewhat lesser degree it changes the state of
stress in the TiN layers at the transition from a single
layer to the thin layers in a multilayer state. Thus in
voltage TiN layers vary from — 7.4 GPa to 3.8 GPa. In
molybdenum-based coatings is not observed displace-
ment of the diffraction peaks associated with the
change in the stress state (Fig. 2d), unlike ZrN and
TiN, which is determined close to zero stress (as in the
monolayers and in the composition) of preferential de-
tention metal a-Mo phase [29]. The ZrN and TiN with a
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relatively large force bonds due to «atomic peening»-
effect [7] implanted atoms stabilize the high compres-
sive stress.

To create the bilayer state, both for the nitride and
the metal components of coating, were prepared in the
multiperiod composite system with 4 layers in each
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period. Two nitride layer on based on two different
transition metals and two metal layers used as such
layers. Schematically, such a composition can be de-
scribed as (MeiN/Mea2N)/(Mei/Mes2) (represented as a
circuit and a photo side surface in Fig. 3).
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Fig. 2 — Diffraction patterns spectrums of mononitrides (1) and multiperiod bilayer "mononitride — metal" systems (2) on the basis
of:a — Cr, b —Zr, ¢ — Ti, d — Mo (diffraction peaks of metallic phases shown by the arrow)

Me N
Me,N
Me3
Me,
Fig. 3 —Scheme of the structure multi-period coatings

(Me1N/Me:2N)/(Mei/Mez)

X-ray diffraction spectra were obtained in investiga-
tions of this type of samples are shown in Fig. 4. It can
be seen that the use of a composite system decreases
the characteristic of preferential orientation in the tex-
ture with [111] axis of nitride layers. It is known that
one of the main reasons for the formation of the surface

parallel to the growth plane (111) is to reduce the
strain factor of minimum free energy by the action of
the compression stress [5]. Also, usually, the appear-
ance of texture [111] under the influence of stress oc-
curs when reducing the content of nitrogen atoms in
the octahedral interstices in the fcc lattice of metal at-
oms. According to this, a decrease in the degree of tex-
ture may indicate a relaxation of compressive stresses
in growth of thin layers of nitrides with the introduc-
tion of metal composite interlayer. Usually in this case
for all of the is the formation of a texture [100]. To the
greatest extent this texture is manifested in a zirconi-
um-based coatings (Fig. 4a, d). The Ti-based coatings
formed bitextural condition: [100] and [111].

The most universal characteristic of the mechanical
properties of the coatings is their hardness, which
largely determines the resistance of the coating to
abrasive wear. In Fig. 5 shows the hardness for mono-
layers and compositions of various types as histograms
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Fig. 4 — Diffraction patterns spectrums of composite multiperiod coatings of nitride bilayer (1) and the composition "bilayer-
bilayer metal nitride" in the period (2): a — CrZr, b — CrTi, ¢ — ZrTi, d — ZrMo
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of distributions. It can be seen that the use of metal
sublayers hardness for all systems does not exceed
27 GPa, which is 10 — 15% less than the hardness of
the respective mononitrides.

In the case of alternating layers of nitrides is
possible to achieve a hardness 41 GPa for composites
TiN/CrN and ZrN/CrN. At thsit the introduction of
metal composite interlayers in ZrN/CrN increases its
hardness. It should be noted that the thickness of the
metal sub-layers is about 10 nm, which corresponds to
the optimal size in order to achieve maximum strength
[20].

In the case of systems with Mo at large potential of
— 200V due to the formation of the metal phase does
not exceed a hardness of 5 GPa. Only in the case of the
periodic system with MoN/ZrN can achieve hardness of
multi-period coatings — 34 GPa. Thus the introduction
of the metal interlayers of nanometer thickness does
not lead to a significant reduction in hardness. At the
same time the metal interlayer serves as a good
damper hindering the development of destructive
cracks. As shown in schematically Fig. 6 in the case of
destruction of multilayer coatings formed crack leads
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to the destruction of the coating as a whole (Fig. 6a).
Use of the periodic system with a soft metal layer (i.e.,
in accordance with the Charpy principle —fatigue
strength) results in development of cracks scattering
peak by doing so, a more durable material.

5 )
[ I 11

}Coating
Substrate

R
—— e
Substrate

Fig. 6 — Scheme of the different stages of destruction coatings
under the influence of the applied load: a — monolayer coating,
b — multiperiod bilayer coating

Thus, for the parts and equipment, operating under
multicycle loads (eg. seals and turbine blades) have a
maximum working capacity (Me1N/Mez2N)/(Me1/Mez)
multiperiod system in which a relatively high hardness
combined with resistance to destructive cracking.

J. NANO- ELECTRON. PHYS. 9, 03003 (2017)

4. CONCLUSIONS

1. The non-equilibrium conditions for obtaining
coatings vacuum-arc method results (for the studied
nitrides of transition metals Ti, Cr, Mo and Zr) to the
formation of phases with a cubic crystal lattice.

2. In the nitride without metal interlayers upon
edition of Up =-200 V formed the preferred orientation
of crystallites (face-centered cubic lattice) with the
[111] axis perpendicular to the growth surface.

3. In the nitride systems with a Mo, having the
smallest bond energy with the nitrogen upon edition of
Uy =—-200 V there is a formation of the metallic phase
a-Mo, selective spraying stimulated loosely bound ni-
trogen atoms growth surface coatings.

4. Injection of the metal layers in multiperiod coat-
ings with a period 60 nm impaired growth texture
[111], and accompanied by a reduction of compressive
stresses. Stability in this case the formation of coatings
parameters indicative of the nature of the formation of
a growth texture [111], stimulate the formation of com-
pressive stress.

5. Compositional multiperiod coatings
(Me1N/Me2N)/(Mei/Mez) have greater hardness and
greater resistance compared to MeN/Me. For systems
with multiperiod damping metal layers —
(ZrN/CrN)/(Zx/Cr), obtained superhard coatings with
hardness of 46 GPa.

CTpykTypHasa MHKEHEPUS MHOTOCIONHBIX BAKYYMHO-IYTOBBIX HUTPUIHBIX HOKPBITUMA
ua ocuoge Ti, Cr, Mo u Zr

0.B. Co6ous!, A.A. TTocrenpuux 1, A.A. Meiutexos!, A.A. Aunpees2, B.A. Cron6osoir’, B.®. I'opbaus?

1 Hauyuonanvkhbili mexnuueckuil ynusepcumem “Xapvrosckull nonumexnuveckuli unemumym”, ya. Kupnuuesa 2,
61002, Xapvkos, Ykpauna,
2 Hauuornanohblil Hayuhbil uenmp «XapbKo8CKULl (OUUKO-MeXHUMeCKUT uHcmumym», yi. Akademuueckas 1,
61108, Xapvkos, Ykpauha,
3 Huemumym npobnem mamepuanogedenus HAH Yrpaunot, yn. Kpocuorcarnosckozo 3, 03142 Kues, Ykpauna

MeTonamu CTPYKTYPHBIX HCCIIENOBAHUM (PEHTIeHOBCKAs NUMPAKIUA U JIEKTPOHHAS MUKDPOCKOIIUS) B
COYETAHUN C U3MEPEeHUEeM TBEPIOCTU MHIEHTUPOBAHUEM M3yYEHBI BO3MOMKHOCTU CTPYKTYDPHOM HHIKEHEPUH
MHOTOIIEPUOAHBIX BAKYYMHO-JAYIOBBIX IOKPHITUY HA OCHOBE HUTPHIOB mepexoaubx merasios Ti, Cr, Mo u
Zr. YcranosieHo opmupoBanue a3 ¢ KyOMUECKON KPUCTAJLIINIECKOM PELIeTKON B HEPABHOBECHBIX YCJIO-
BUSX [IPU BaAKYyMHO-yrOBOM MeToje nosydenus. [logaya orpuiaresnsHoro norenuasna cmerenus -200B B
MOHOHUTPHIAX IPUBOIAUT K IPEUMYIIECTBEHHOMY 00pa30BaHUIO TEKCTYPhl KPUCTAJLIUTOB ¢ ocbio [111]. Bse-
neHue TOHKUX (0010 10 HM) MeTaJUIMYeCKHX IIPOCIOeK IPUBOJUT K YMEHBIIEHUIO COBEPIIEHCTBA TEKCTYPHI
[111] u dopmupoBarmio Ttexcrypsr [100]. Otor addeKT cBA3BIBAETCS € HM3MEHEHHEM HAIPAMKEHHO-
11ehOPMUPOBAHHOIO COCTOSTHUSI HUTPHUIHBIX cioeB. OmpejesieHo, 4TO KOMIIO3UI[MOHHBIE MHOTOIIEPHOIHBIE
noxpertust (Me1N/MezN)/(Mei/Mes) mmeioT 6GOJIBIIyI0 TBEPAOCTH X OOJIBIILYI0 CTOMKOCTH IO CPABHEHWIO C

MeN/Me. Jlna  MHOTOIIEPUOTHOM  CHCTEMBI

e MII(PUPY FOIITHUME

MeTaJILIMYeCKUMHU CJIOAMH —

(ZxrN/CrN)/(Zx/Cr), mosy4ueHsI cCBepXTBEPIbIe IOKPHITUS ¢ TBepaocThio 46 ['Tla.

Kinrouessie cimoBa: Bakyymuo-nyroeoit meron, Muoronmepuonssie nokpbitus, CTpyKTypHAsi WHIKeHEpHs,

Hampsiskennoe cocrossaue, TBepmocts, IlpounocTs.
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CrpyKTypHA iH:KeHepis GararomapoBuxX BAKYYyMHO-IYyIrOBUX HITPUAHUX MOKPUTTIB
Ha ocuori Ti, Cr, Mo i Zr

0.B. Cobous!, A.A. TTocrenprux!, A.A. Meitrexos!, A.A. Aunpees2, B.A. Cron6osoit?, B.®. T'op6aus?

1 Hauyioranbruli mexnivnull yHisepcumem “Xaprigckuil nonimexuiuruil ihemumym”, ayn. Kupnuvosa, 2, 61002,
Xapkie, Yrpaina
2 HauioHanvHuil HayKkosuli uenmp «XapKiecKull (piauko-mexHIuHUL THCMUmymy,
8ysl. Akademiuna, 1, 61108, Xapkis, Yrpaina,
3 ITncmumym npobnem mamepianosnascmea HAH YVrpainu, ayn. Kpocuscanoscvroeo, 3, 03142 Kuis, Yikpaina

[y

10.

11.

12.

13.

14.

15.

MeromamMu CTPYKTYPHUX JIOCIIIKeHb (PEeHTreHIBChbKAa JUPPAKITIA 1 eJeKTPOHHA MIKPOCKOITIS) B IIO€]-
HAHHI 3 BUMIPIOBAHHSIM TBEPJOCT] 1HAEHTYBAHHAM BUBUYEHI MOKJIMBOCTI CTPYKTYPHOI 1HyKeHepii Gararome-
PlOAHUX BAKyyMHO-JyTOBUX IOKPUTTIB HA OCHOBI HiTpuiB nepexinuux meraus Ti, Cr, Mo i Zr. Beranosite-
HO ¢opmyBaHHSI a3 3 KyOIYHOI KPHCTAIYHOI PEIMTKOI B HEPIBHOBAMKHHUX YMOBAX IIPU BaKyyMHO-
nyropomy meroxai orpumanHs. Ilogaya HeraTuBHOro moreHmiany 3cyBy -200B B MoHOHITpHIAX MPU3BOIUTH
10 TIePeBaYKHOI0 YTBOPEHHS TEKCTYPHU KpucTaiitiB 3 Biccio [111]. Bemennsa toukux (6iusbko 10 uM) mera-
JIEBHX MPOIIAPKIB MPU3BOIUTE JI0 3MEHIIIEHHS JIOCKOHAJIOCTI TekcTypu [111] 1 hopmyBamus Texcrypu [100].
[eit ederr moB'sI3yeThCs 31 3MIHOI HAIPYKEHO-Te(POPMOBAHOIO CTAHY HITPUAHUX mrapiB. BusHnaueno, 1o
rommoauriiiai 6araromepionui mokpurtss (MeiN/Me:N)/(Mei/Mez) MaoTh BUCOKY TBEPIICTH 1 BHUCOKY CTIi-
ricth B nopiBHsHHI 3 MeN/Me. [list 6araTonepioHol cucremu 3 geMIidipyBaIbHUMY METAJIEBUMY IIAPaAMU -
(ZrN/CrN)/(Zx/Cr), orpumani HaaTBepAl MOKPUTTA 3 TBepaicTio 46 I'Tla.

Kirouosi ciosa: Bakyymuo-gyrosuit meron, Barartonepionui nokpurrsi, CtpykrypHa immenepiss, Hanpy-

skeHuit crad, TeepaicTs, MiHiCTb.
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