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The scientific interest in the investigation of nitride composites as protecting materials in tool and machining industries intensively
increases. The good oxidation resistance of CrN single-layer films and high melting point, good chemical and thermal resistance of
ZrN compound are motive factors for designing of multilayer composites composed of these metal nitrides. The suggested
advantages of ZrN/CrN multilayer coatings as structural materials are the high-temperature resistance, high density and extreme
hardness compared to the metal-nitride systems. Experimental ZrN/CrN multilayer coatings were deposited on AISI 321 steel
substrates by using a cathodic arc evaporation device equipped with two high-purity metal Cr and Zr targets. Structural, chemical and
morphological characteristics together with mechanical properties of multilayer composites were analyzed by X-ray diffraction,
scanning electron microscopy, energy-dispersive X-ray spectroscopy and Vickers hardness tester. SEM analysis revealed an increase
of roughness and concentration of the droplets on the surface of the coatings when negative bias potential decreased to -70 V. The
results of data obtained from the X-ray analysis showed (200) and (111) plane for ZrN and Cr2N phases as the most intense. The peak
positions of ZrN were shifted towards lower diffraction angles comparing with bulk values and indicated a decrease of the inter-
planar distance and formation of compressive stresses. The calculated lattice strain values in the ZrN were higher than those of the
CrN, indicated a greater presence of dislocations and defects in the lattice of ZrN. The averaged crystallite sizes in ZrN and CrN
layers were 11-14 and 7-12 nm, respectively. The maximum value of the Vickers microhardness was found to be 6600HV0.01 that is
2.1 and 1.8 times greater than the corresponding values of binary CrN and ZrN coatings.

KEYWORDS: nitrides, cathodic arc deposition, microstructure, elemental composition, structural-phase state.

The extension of the operational life of industrial equipment, components of installations, cutting, drilling and
other machining tools stays a relevant task of science and technology of materials engineering till present. Moreover,
nowadays at the stage of an enhanced economy of resources and in going to energy-saving technologies, this issue
becomes even more acute. While functioning, the product surface layers undergo the strongest loading, physical,
chemical and thermal effects. One of the ways to protect and improve various material properties is to modify it due to
deposition of nanostructured thin coatings on its surface.

Cathodic-arc technique is a multipurpose method of coating deposition since the resulted products gain wide
industrial distribution because of their suitability for various functional purposes [1, 2]. Transition metal nitride coatings
with a thickness of a few microns are one of the most studied and widely used materials. Unfortunately, the possibilities
of increasing the hardness and plasticity of the surface layer during the deposition of simple nitrides are practically
depleted, since at mid-temperature range mononitrides initiated to be thermally unstable [3-5].

Recently, nanoscale coatings of a complex elemental and phase composition realized through the multilayer
coating concept are of considerable interest, since combinations of various elements make it possible to use the best
properties of two or several metals and their nitrides [6, 7].

This paper describes the effect of deposition parameters on the structure, elemental and phase composition of
multilayer coatings ZrN/CrN, as well as their mechanical characteristics.

EXPERIMENTAL DETAILS

The ZrN/CrN multilayers were fabricated by the cathodic-arc method in a Bulat 6 deposition system [8], which
composed of a vacuum chamber, vacuum pumping system, nitrogen supply system that worked at pressure between 1073
to 1072 Pa, arc power supplies that produced the current from 50 to 200 A, substrate power supply that ensured constant
negative bias voltage and automatic rotation system for substrate holder. Within the working chamber, there was an
electrode formed by an anode, where the steel substrates were placed, and cathodes with the Zr and Cr targets. Metal
targets were in the opposite positions and the substrates were mounted on two sides of a rotating substrate holder
between the two targets. Experimental coatings were deposited by alternately rotating the substrates between Cr and Zr
targets. The arc current of 100 A was constantly applied for all samples. When the first multilayer ZrN/CrN film started
to produce, the chamber was filled with nitrogen at a pressure of 0.03 Pa. For other samples of the coatings, it changed
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as the goal of this investigation was to evaluate the influence of deposition conditions on morphology, phase state and
mechanical properties of multilayer condensates. Specific details of the deposition process of the multilayer coatings
were summarized in Table 1.

The surface and cross-section structure, as well as the chemical composition of the coatings, were analyzed by
scanning electron microscopy with energy dispersive X-ray spectroscopy facilities (SEM-EDS) in a FEI Quanta 400
FEG ESEM/EDAX Genesis X4M. For the XRD characterization technique, we used a Panalytical X Pert Pro MPD
diffractometer. Phase identification was realized through the ICDD data. Mechanical properties were evaluated by
Vickers microhardness tests in a Struers Duramin-5 using a load of 98 mN (HVO0.01).

Table 1.
Deposition conditions of multilayer ZrN/CrN coatings.
Arc Bias Substrate Nitrogen | Exposing time ¢, s Total Deposition | Number
Sample ..
number current | voltage | temperature | pressure deposition | rate Rq, nm/s | of layers
I, A Us, V Ts, °C Py, Pa time, h
; o
100 250 - ZrN:10/CrN:10 1 - 354
3 150 0.16 4.5
4 . 0.03 2.65
RESULTS AND DISCUSSION
Morphologic study

The morphology of the PVD-coatings is basically controlled by the process characteristics, i.e. substrate temperature
(Ts), working gas pressure (Py), the negative bias voltage applied to the substrate (Us) and an arc current (1) [9, 10].
During the surface analysis of experimental coatings, it is revealed that micro-relief of the surface is expressed by
numerous shallow different-sized depressions due to the growth of crystallites of different sizes. The formation of the
droplets with a particle diameter averaged from 2 to 5 microns is observed for all the coatings. Increasing the nitrogen
pressure up to 0.43 Pa while the deposition does not introduce any special changes in the surface morphology.
However, increasing the energy of the precipitated flow through the bias potential to -200 V significantly reduces the
concentration of the droplets on the surface. Probably, with the increase of the substrate bias value, the energetic
particles bombardment becomes more intensive and activates the process of cleaning the surface from smaller fractions.
Fig. 1a shows the cross-sectional SEM image of the multilayer sample number 4. The heterophase interfaces between
ZrN and CrN layers are rather straight and immiscible. The dark contrast layers correspond to the CrN, while lighter
ones indicate the binary ZrN. The structure of layers is dense, no boundary porosity or other defects exist.
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Fig. 1. Cross-sectional SEM image (a) and EDS spectrum (b) of multilayer ZrN/CrN coating number 4

Shown in Fig. 1b EDS spectrum is composed of Zr, Cr and N peaks, that confirms the purity of elemental
composition of the coating number 4. The chemical compositions of multilayer ZrN/CrN coatings are generalized in
Table 2 together with the total and bilayer thicknesses extracted from SEM images using ImagelJ software.

It is seen from data collected via SEM and EDS that obtained coatings have the nanoscale bilayer thickness within
the range from 53 to 70 nm and near-stoichiometric or stoichiometric composition as an atomic percentage of nitrogen
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changes from 46 to 51. It is obvious, that for experimental coatings there is a tendency to decrease the concentration of
metal elements with increasing nitrogen pressure. The lower chromium concentration in comparison with the zirconium
concentration is due to the fact that chromium has a lower atomic mass (Cr = 51.99 g/mol vs. Zr = 91.22 g/ mol), that is,
it is a lighter element. The fact is that in the process of coating deposition, when the plasma energy and, accordingly, the
intensity of deposition increases, with an increase in Py, lighter atoms may escape from the surface coating layer, which
leads to an increase of another element concentration in the coating.

Table 2.
Characteristics of multilayer ZrN/CrN coatings: average coating thickness, bilayer period and chemical composition.
Coating Bilayer period 4 Chemical composition, at.%
Sample number . ’
thickness D, pm nm N 7r Cr
1 11.5 65 46 30 24
2 12.4 70 50 27 23
3 16.0 90 51 29 20
4 9.4 53 47 35 18

Structural characterization
X-ray diffraction patterns of multilayer ZrN/CrN composites are shown in Fig. 2. As seen in this figure, at all
values range of nitrogen pressure there is a clear (200) preferred orientation for ZrN layers and (111) preferred
orientation for CrN layers (non-isostructured multilayers). For the coatings deposited at low bias potential, the texture
of the ZrN layer with orientation (111) appears at the patterns. This behavior suggests the prerequisites for the cube-on-
cube epitaxial growth. Some small contributions of ZrN(220) reflection are identified for samples number 1 and 2, but it

disappears for larger values of Us.
The texture coefficient T¢ of (200) plane with respect of (111) plane for ZrN phase and T¢ of (111) plane of Cr,N

phase with respect of (111) plane of CrN phase (samples 1 and 2) was calculated by the equation [11]:

I(hkl)/ I, (hkl)
(IUN) [Z, I(hkD)/ 1, (hKI))®

T, (hkl) = (M

where I(hkl) is the integrated intensity of the diffraction plane calculated using an approximation of the pseudo-Voight
function, Iy(hkl) is the relative intensity of the corresponding plane given in ICDD, and N is the number of reflections.
The evolution of the crystallography texture coefficient in the function of the working gas pressure is clearly
observed in Table 3. For the low values of Py, the texture coefficient values are 2.35 and 1.12 for the ZrN and the Cr;N,
respectively. As the nitrogen pressure increases, the coefficient for both phases lightly and respectively diminishes

going to values between 1.51 for the ZrN and 1.07 for the Cr,N.
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Fig. 2. X-ray diffraction data obtained from multilayer ZrN/CrN coatings

The X-ray method for determining internal stresses is based on the fact that the elastic deformation of the crystal
lattice is expressed by the changes in inter-planar distance and diffraction angle in the X-ray patterns. It is necessary to
point out one feature of the X-ray method for measuring residual stresses. The X-ray diffraction line is formed as a
result of the total reflection from those crystallographic planes for which the Wulff-Bragg condition is satisfied. Thus,
all calculations carried out on the basis of measuring the angular positions of X-ray lines provide information on the



30
Study of Advanced Nanoscale ZRN/CrRN Multilayer Coatings EEJP 22019

stress state of only certain oriented grains of a polycrystalline sample. In this study, the lattice strains € of ZrN and CrN
were calculated according to the following equation based on (200)ZrN and (111)Cr,N planes [12]:

_d-d,
d

£

) @

0

where dj is the inter-planar distance of distinct (2kl) planes of the residual stress-free lattice and d is the inter-planar
distance of the same planes influenced by residual stress. It is obvious from the Table 3 that the strains of the ZrN is
greater than those of the CrN, indicating a larger formation of dislocations and defects in ZrN lattice. These dislocations
cause the subdivision of the original crystallites of larger size into domains (small crystallites), producing tensile and
compressive strains within diminished crystallites [13].

Table 3.
Values of strain-size parameters calculated from X-ray patterns of ZrN/CrN coatings

Investigated | Experimental Standard | Experimental Standard Lattice

Sample | phase and diffraction diffraction inter-planar | inter-planar | Crystallite Textqre strain
number plane angle 26, deg | angle 26,, deg | distance d, distance dy, |size L, nm coef?ment &, %

nm nm ¢

J ZrN (200) 39.10 39.13 0.2305 0.2309 11 2.35 -0.17
CroN(111) 42.77 42.72 0.2111 0.2114 7 1.12 -0.14

) ZrN(200) 39.12 39.13 0.2302 0.2309 12 1.51 -0.30
CroN(111) 42.77 42.72 0.2112 0.2114 10 1.07 -0.09

3 ZrN(200) 39.10 39.13 0.2305 0.2309 14 2.05 -0.17
CroN(111) 42.79 42.72 0.2112 0.2114 12 - -0.09
4 ZrN(200) 39.12 39.13 0.2306 0.2309 13 2.67 -0.13
CroN(111) 42.78 42.72 0.2110 0.2114 11 - -0.18

Peaks obtained from ZrN demonstrate the shift toward lower angles (20 ranged from 39.10 to 39.12°), that
signifies the existence of compressive stresses in ZrN layers. A significant movement of the Cr,N peaks towards higher
angles (20 =42.77 and 42.79°) in relation to standard values (260 = 42.72°) shows the presence of tensile stresses in CrN
layers.

Mechanical properties
Hardness values of the multilayer ZrN/CrN coatings measured using the Vickers tip, which is a four-sided
pyramid, are presented in Fig. 3. All samples acquire the hardness that overperforms the corresponding value of
individual coatings, i.e., CtN and ZrN monolayers. It is observed a hardness-increasing trend as the nitrogen pressure in
the vacuum chamber decreases. The highest hardness of 6600HV0.01 is obtained for sample number 2 with
stoichiometric composition of 50 at.% N and bilayer period of 70 nm, that is on 51 % and 47 % greater than referent
value from ZrN and CrN coatings, respectively.
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Fig. 3. Variation of microhardness with nitrogen pressure values for the multilayer ZrN/CrN coatings
and binary ZrN and CrN coatings.

In general, the increase of the mechanical properties of multilayer coating lies in application of the multilayer
concept that possess the following conditions: (i) the presence of many interfaces that blocks the dislocation movement
across the interface between ZrN and CrN layers: (ii) coherency strains cause periodical strain-stress fields due to the
lattice-mismatch in the multilayer coating; (iii) the formation of the discrete layers in the multilayer system, which
observed in the SEM results; (iv) the formation of partial correlation within (111) crystallography direction between
ZrN and CrN layers.
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CONCLUSIONS

In summary, the morphological and structural-phase characteristics, as well as mechanical properties of multilayer
ZrN/CrN coatings grown on stainless steel substrates by the cathodic arc deposition were studied.

It was shown that the surface of the multilayer composited contained droplet particles, which concentration
depended on negative bias potential applied to the steel substrate. The total thickness of the obtained films ranged from
9.4 to 16.0 um, while the bilayer period varied from 53 to 90 nm. The elemental composition of cathodic arc coatings
depended on working gas pressure, hence, at high values of Py formed coatings had the stoichiometric composition
(50-51 at.%).

Additionally, different deposition conditions, i.e. nitrogen pressure and substrate bias, promoted the preferred
formation of two phases ZrN(200) and Cr;N(111), but at Us=-70 V the intensive peak of ZrN(111) and reflex of
CrN(111) were found on diffraction patterns.

The enhancement in microhardness of multilayer ZrN/CrN coatings was observed for all experimental samples.
The maximum value 6600HV0.01 was found for the sample number 2 of stoichiometric composition (51 at.% N)
obtained at Py = 0.43 Pa, Us=-70 V. Presented findings prove that multilayer ZrN/CrN coatings are appropriate for use
as protective materials due to high hardness. However, the tribological, thermal and oxidation experiments of multilayer
ZrN/CrN systems need to be done in order to find out their potential and extend the range of possible applications.
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eyn. 30-i ['sapoiticokoi ousizii, 34, 070020 Ycmo-Kamenoeipcok, Pecnyonixa Kazaxcman
HaykoBuii iHTepec 10 MOCITIPKCHHS HITPUIHMX KOMIIO3HMTIB B SKOCTI 3aXHCHHX MarepiajiB B iHCTpYMEHTAJbHIH Ta 0OpOOHIi
MIPOMUCJIOBOCTSIX IHTEHCHBHO 3pocTae. Xopolla CTiiiKicTh 10 okucieHHs oxnomapoBux mmiiBok CrN i Bucoka TemmepaTypa
IUIABJICHHS, XOpoIIa XiMiuHa i TepMiuHa cTiikicTs ZrN e pyuriiHumMu (akTopamu Ajis CTBOPEHHs 6araToriapoBUX KOMIO3UTIB, B
SIKUX BHKOPUCTOBYIOThCA HITPHIAM IHMX MepexigHuX MertamiB. [lepenbadyBani mepeBarn OaraTomIapoBHX IOKPUTTIB B SKOCTI
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KOHCTPYKIIMHUX MartepiajiB — Lie BUCOKA TEPMOCTIHKiCTh, BUCOKA IMUIBHICTD 1X CTPYKTYPH 1 MOKpallleHa TBEPAICTh y MOPIBHSIHHI 3
cucrteMamu HiTpua-meran. baratomaposi mokputts ZrN/CrN ocamkyBamucs Ha craiesi migknagku AISI 321 3a momomororo
BaKyyMHO-IyTOBOTO MPUCTPOIO, OCHAIICHOro ABOMa MeTaneBuMu MimeHsMu Cr i Zr Bucokoi uucToTd. CTPYKTYpHI, XiMiuHI Ta
MOP(}OJIOTIYHI XapaKTEePUCTUKH, a TAKOK MEXaHIUHI BIaCTHBOCTI 0araTomapoBUX KOMITO3HTIB OyJIH MPOaHaTi30BaHi 3a JONOMOTOI0
PEHTTeHIBCHKOI TU(paKIii, pacTpOBOi €IEKTPOHHOT MiKPOCKOITil, eHEProAUCIePCiifHOI pEHTIeHIBCHKOI CIIEKTPOCKOMII 1 TBepAoMipa,
ocHamieHoro mpaminkoro Bikkepca. PEM-anani3 BusSBHB 30UIBIICHHS IMOPCTKOCTI 1 KOHIIGHTpaNii Kpaneib Ha IIOBEPXHi MOKPHTTIB,
KOJI HETaTHBHUH ITOTEHI[ia] 3CYBY 3HIDKYBaBCs 10 3HaueHHS B -70 B. Pesynpratn nanmx, oTpUMaHHX Bil peHTTEHOCTPYKTYPHOTO
aHayi3y, MoKa3ayy, uio Haioubi iHTeHcuBHUMH € moiomuHu (200) i (111) amsa ZrN i Cr2N ¢asu, Bignosiano. [Tonoxenns mikis ZrN
Oy 3MinieHi B OiKk MEHIINX KyTiB Audpakxuii B MOPiBHAHHI 3 00'€MHUMH 3HAYCHHSIMH 1 BKa3yBaJIM Ha 3MEHIICHHS MIKIUIOIIMHHOL
BificTaHi 1 GopMyBaHHsS CTHCKAIOYMX HANpyXeHb. Po3paxoBaHi 3HaueHHsl HamnpyxeHHs pemritku B ZrN Buie, Hik y CrN, mo
CBiTYMThH Mpo Oinbiry HasBHOCTI Auciokamiid i nedekriB B pemritui ZrN. Ycepenuneni po3mipu kpucranitiB B mapax ZrN i CrN
cranoBwin 11-14 1 7-12 am BinnosigHo. Byno BcTaHOBIEHO, 10 MaKCHMajbHE 3HAUCHHS MIKPOTBEPHOCTI MO Bikkepcy CTaHOBUTH
6600HV0.01, mo B 2,1 i 1,8 pa3u Oinpmie, HiX BiINOBiAHI 3HaUYeHHS OiHapHUX MOKpUTTIB CrN i ZrN.

KJIIOYOBI CJIOBA: HiTpHan, BakyyMHO-IyTOBE OCAIKCHHS, MIKPOCTPYKTYpa, €IIEMEHTHHH CKJIaJ, CTPyKTypHO-()a30BHii CTaH.
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Hayunbplif wuHTEpec K HCCIIEIOBAaHUIO HUTPHIHBIX KOMIIO3UTOB KaK 3alllUTHBIX MaTepHalloB B HMHCTPYMEHTAbHOW U
oOpabatpiBaroliell MPOMBIIUIEHHOCTH WHTEHCHBHO BO3pAacTaeT. XOpomias CTOMKOCTh K OKHCIEHUIO OJHOCIOWHBIX TeHOK CrN u
BBICOKasl TEMIIepaTypa IUIABICHHS, XOPOIIass XUMHUIECKass U TepMHIecKass CTOMKOCTh ZrN SBISIOTCSA ABVDKYIIMMH (HaKTOPAMH IS
CO3JaHUsI MHOTOCIOMHBIX KOMIIO3MTOB, B KOTOPBHIX HCHONB3YIOTCS HUTPHIBI 3THX HEpeXoxHbIX MerayuioB. [Ipenmonaraemsie
MIPEHMYIIECTBA MHOTOCIIONHBIX ITOKPHITHI B KauecTBE KOHCTPYKIMOHHBIX MAaTEpPHANOB — 3TO BBICOKAsl TEPMOCTOMKOCTH, BEICOKAs
IUIOTHOCTh UX CTPYKTYPHI M 4pe3BbIYaliHas TBEPAOCTh IO CPABHEHHIO C CHCTEMaMHM HHUTPHI-MeTaJUl. MHOTOCIOHHBIE MOKPBITUS
ZrN/CrN HaHocwinch Ha ctanbHble HomIoKku AISI 321 ¢ mcnone3oBaHHeM BaKyyMHO-IYTOBOTO YCTPOWMCTBA, OCHAILIEHHOTO JIBYMS
MeTalnueckuMu MuIIeHsIMUA Cr ¥ Zr BBICOKOH 4YHCTOTHI. CTPYKTYpHBIE, XUMHYECKHE M MOP(HOIOTHUECKUE XapPaKTEPUCTUKH, a
TaKKe MEXaHMYECKHE CBOMCTBA MHOTOCIOIHBIX KOMIIO3UTOB OBLIM MPOAHAIM3MPOBAHBI C IMOMOIIBIO PEHTTEHOBCKOH AU(paKiu,
pacTpoBOW 3JEKTPOHHON MHUKPOCKOIMH, 3HEProJMCIEPCUOHHOM PEHTI€HOBCKOM CIIEKTPOCKONMM M TBEPAOMEpA, OCHAILEHHOIO
nupamMukoil Bukkepca. PEM-ananu3 BbISBUIJI yBEIMYEHHE LIEPOXOBATOCTH M KOHLEHTPALMHU Kaleslb Ha MOBEPXHOCTH MOKPBITHH,
KOTa OTPHUIATENbHBI MOTEHIMAN CMEIIEHHS CHIKaics m0 3HadeHHs B -70 B. Pesynprartsl JaHHBIX, MOMYYEHHBIX OT
PEHTTEHOCTPYKTYPHOTO aHallu3a, MOKa3aJid, YTO HanOoJiee MHTCHCHBHBIMU sBIstOTCS Tuiockoctd (200) u (111) mns ZrN u Cr2N
(a3, coorBeTcTBeHHO. IlomoxeHus nukoB ZrN OBIIM CMEIIEHB B CTOPOHY MEHBIIMX YIJIOB IU(PAKIMKM IO CPaBHEHUIO C
00BEMHBIMH 3HAYEHHSIMH U yKa3bIBaJId Ha YMEHBILICHHE MEKIZIOCKOCTHOTO PACCTOSHUS U MPUCYTCTBUE CKMMAIOIINX HANpPsKEHHUH.
Paccuutannble 3HaueHus HanpsokeHui pererku B ZrN Beiile, yeM y CrN, 4To CBUIETEIbCTBYET O OOJIbIIEM HAJIMYUY JUCIOKALMHA U
nedexroB B perterke ZrN. YcepenHeHHsle pa3mepbl KpuctamanToB B ciiosx ZrN u CrN cocraBisiim 11-14 u 7-12 HM COOTBETCTBEHHO.
Bbuto ycTaHOBIEHO, YTO MaKCUMAaJbHOE 3HaU€HHE MUKPOTBEpAOCTH 1o Bukkepcy cocrasiser 6600HVO0.01, uto B 2,1 u 1,8 paza
OoJtbIlle, 4eM COOTBETCTBYIOIINE 3HAUeHHU OMHAPHBIX TOKPBITHI CrN 1 ZrN.
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