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Multilayer (TiSi)N/CrN coatings were fabricated through vacuum-arc deposition by applying the arc currents of (100 + 110) A on TiSi
cathode and (80 + 90) A on Cr cathode, negative bias potential connected to the substrate holder of (100 + 200) V and reactive gas
pressure of (0.03 + 0.6) Pa. Applying a negative bias voltage on substrates enhanced the ion bombardment effect, which affected the
chemical compositions, phase state, mechanical and tribological properties of (TiSi)N/CrN coatings. Obtained results indicated that
(TiSi)N/CrN coatings with Si content ranging from 0.53 to 1.02 at. % exhibited a high hardness level of (22.1 + 31.1) GPa accompanied
with a high Young’s modulus of (209 + 305) GPa, H/E* level of (0.080 + 0.100), H3/E*? level of (0.15 =+ 0.33) GPa, and the friction
coefficient of 0.35. Values of critical loads at dynamic indentation, changes in friction coefficient and level of acoustic emission signal
evidence the high adhesive strength of (TiSi)N/CrN coatings, which allows recommending them to increase cutting tool performance.
Keywords: multilayer coatings, refractory metal nitrides, hardness, adhesive strength

PACS: 61.46.-w,62.20. Qp,62-65.-g

INTRODUCTION

CrN-based coatings are well known for their higher ductility and fracture toughness, lower coefficient of friction, and
excellent oxidation and corrosion resistance compared to extensively used TiN coatings [1, 2]. Additionally, the lower
coefficients of friction of CrN coatings provide better wear resistance than TiN coatings under dry sliding conditions; in
addition, their high toughness prevents the initiation and propagation of cracks in erosive environments. For these reasons,
CrN coatings have been used to protect cutting tools in the machining of copper, aluminium, and titanium based alloys [3] and
have become a successful alternative to TiN coatings for protecting injection moulding tools. However, in other potential
industries, CrN coatings demonstrate limited use due to their relatively low hardness compared to TiN [3]. In recent years,
almost all single-layer coatings satisfy the needs of industry less and less and do not always meet the requirements for
increasing their performance. Nanocomposite coatings based on nitrides of the refractory metals are one of the prospective
basements in the development of up-to-date multifunctional coatings as they have high both physical and mechanical
properties. The combination of mentioned properties of known coatings based on nitrides and carbides of the refractory metals
is achieved by their doping with such elements as Al, Si, B, etc. A good example of such dopping is the Ti—Si—N ternary
system with a silicon content of about 5~10 at.; it has high hardness (=40 GPa) and better oxidation resistance compared to
traditional TiN coatings [4, 5]. These characteristics are mainly explained by the structure of the film, which is defined as a
nanocomposite consisting of nanocrystalline TiN embedded in amorphous Si3N4 [6-8]. In addition, the amorphous phase
becomes an oxygen barrier that slows down the oxidation [8]. However, despite all the advantages of the nanocomposite
structure, there is a high residual stress between the TiSiN film and the substrate, which causes low adhesion [9]. At the same
time, CrN-based coatings are commonly used as a protective hard coating on tool steels for industrial applications due to its
good adhesion strength, chemical stability, and high temperature oxidation resistance.

Therefore, in this study, CrN coatings are used as intermediate (second) layers for the formation of (TiSi)N/CrN
periodic structure. Such a multilayer coating with layers of nanometer thickness makes it possible to achieve the better
hardness and fracture toughness compared to single-layer coatings due to the interfaces that prevent the movement of
dislocations and the difference in the elastic modulus of the layers.

EXPERIMENTAL DETAILS AND METHODS
Multilayer coatings were obtained by the vacuum-arc deposition technique. Two cathodes made of TiSi with the
elemental composition of Ti = 94 at.% & Si = 6 at.% and hot-pressed Cr with a purity of about 99.6 % were used as
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evaporated materials. The regime of the deposition was a continuous rotation of the samples at a speed of 8 rpm. The
total deposition time was 1.5 hours. The material of the substrate was an austenitic chromium-nickel stainless steel. The
dimensions of the substrate were: length L = 18 mm, width W = 18 mm and thickness H = 3 mm. Four series of samples
were formed at different pressures of the reaction gas (Py = 0.08 + 0.6 Pa) and bias potential (U, = —100 + —200 V). To
manage the nanoscale diapason of the layers, the thickness of the deposited layers was estimated. The calculations were
carried out on the basis of a theoretical model, which was described in [10]. When the deposition of a coating on a
rotating substrate, during the evaporation, the surface of the substrates alternately passes through zones directly near the
operating evaporators, and zones in which deposition on the substrate does not occur as a result of the action of
geometrical factors. Therefore, a generalized solution was obtained for calculating the thickness of the deposited layers,
including dependences on the size of the holder with samples r at a given radius R, as well as on the angle a, since the
angular values in these zones and the rate of condensation at an arbitrary point will also change (see Fig. 1). In the case
where condensation of the substance occurs on a single rotating surface located at a distance r from the axis of the
chamber (corresponding to half the size of the sample holder), with two simultaneously operating evaporators on a
circle with radius R (distance between cathode and samples), there are the following zones: "shadow" zone of space in
which there is no condensation of the direct flow of the target cathode material; zones in which condensation of material
that evaporates from only one evaporator occurs; as well as zones where the flows of materials from the two
evaporators overlap to varying degrees (depending on r '- the ratio r / R and a - the angle of rotation of the sample
holder; at some values of r' these zones are not realized).

Figure 1. Scheme of deposition of multilayer (TiSi)N/CrN coatings from two evaporators (TiSi and Cr) on a rotating steel substrate.

Table 1 presents the results of calculating the deposition rates and thicknesses of the layers deposited during one
rotation of the holder for multilayer (TiSi)N/CrN coatings (V) is the condensation rate of the material flow during a
normal fall on a stationary substrate).

Table 1. Deposition rates of multilayer (TiSi)N/CrN coatings.

Evaporator | Radius R, | Size of the holder r’ Angle a, | Rotation speed | Vs, nm/s | Thickness after 1
mm r, mm deg ®, TpM rotation A, nm
TiSi 0,69 3,21
200 125 0,625 51 8
Cr 0,75 3,49

The physical and technological parameters, as well as the elemental composition of the obtained coatings, are
shown in Table 2.

Table 2. Technological parameters and elemental composition of multilayer (TiSi)N/CrN coatings.

Seria Coating Arc current | Reaction gas | Bias potential Elemental composition, at.%
ITiSi/ICr, A PN, Pa Ub, Vv Ti Si Cr N
a 110/90 0.08 —-100 52.05 0.89 21.13 25.93
b (TiSiN/CrN 100/80 0.08 —200 41.39 0.94 28.80 28.87
c 100/80 0.3 -200 38.54 1.02 17.40 43.04
d 100/80 0.6 —200 30.15 0.53 17.21 52.11

The study of elemental composition of the coatings was carried out by analyzing the spectra of characteristic X-
ray radiation generated by an electron beam in a scanning electron microscope FEI Nova NanoSEM 450. The spectra
were recorded using an EDAX PEGASUS energy-dispersive X-ray spectrometer fitted to a scanning electron
microscope. Phase analysis was carried out by X-ray diffractometry in Cu-ka radiation in a DRON-4 setup. The
hardness of the coatings was measured using a high performance micro-hardness testing machine equipped with the
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Vickers indenter. The load of 0.4903 N (50 g) was applied for a time of 10—15 s. Adhesion strength of the coatings was
determined by sclerometry with simultaneous registration of acoustic emission (AE) signals. The Revetest scratch tester
by CSM Instruments with a diamond spherical indenter of Rockwell C type with a radius of 200 microns was used to
determine the adhesion characteristics.

RESULTS AND DISCUSSIONS
The results of the analysis of the elemental composition of the coatings (see Table 2) indicate that they consist of
the elements of the cathodes, i.e. Ti, Si, Cr and N. With an increase in the bias potential, the amount of titanium and
chromium decreases. Fig. 2 shows a cross-sectional image of multilayer (TiSi)N/CrN coating (seria ¢) obtained by the
vacuum arc deposition.

Figure 2. Cross-sectional image of multilayer (TiSi)N/CrN coating (seria c) obtained at Up = —200 V and Pxn= 0.3 Pa.

The low content of Si in the coating does not lead to the separation with the formation of the SiNy phase [4], which
is confirmed by the absence of peaks corresponding to this phase in diffraction spectra (see Fig. 3).
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Figure 3. XRD spectra of multilayer (TiSi)N/CrN coatings obtained at U, = —200 V and Px= 0.08 Pa (spectrum 1),
Pn= 0.3 Pa (spectrum 2) Pa, Px = 0.6 Pa (spectrum 3).

As expected, the nitrogen content is minimal (in the case of the coatings obtained at the lowest gas pressure of
0.08 Pa); therefore, as the analysis of X-ray diffraction spectra (see Fig. 3) has shown, it manifests itself in a bound
form, which is characterized by the formation of two phases with strong nitride-forming titanium (with dissolved
silicon), forming Ti(Si)N nitride with the preferred orientation of crystallites along the [111] axis and chromium nitride
CrN with the [111] axis (see Fig. 3. spectra 1). The calculated lattice periods are 0.4244 nm of (TiSi)N and 0.4101 nm
of CrN, and the corresponding sizes of the crystallites are 24.1 nm ((TiSi)N) and 26.8 nm (CrN), respectively.
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The spectra also show the presence of a-Ti and Cr phases, where the nitrogen content is so low that the formation
of Ti and/or Cr nitride phases becomes impossible. With an increase in the nitrogen pressure to 0.6 Pa, the coating
maintains the [111] texture. The lattice period of TiN decreases to 0.4240 nm, while lattice period of CrN increases to
0.4109 nm. The structure of the coating becomes more fine-grained as the crystallite size of TiN and CrN decreases to
12.9 nm and 13.7 nm, respectively (see Fig. 3 spectrum 3). The separation of (111)TiN and (111)CrN diffraction lines
indicates the presence of a strong homogeneous [111] texture in both nitride layers. Thus, when forming the coating
with sufficiently thin layers (about 7 nm), a significantly higher heat of formation of titanium nitride (see Table 3) leads
to a redistribution of nitrogen atoms at low pressure (0.08 + 0.3 Pa), during deposition from Cr to Ti layers (the process
is also enhanced by the presence in these Si layers), which is accompanied by the formation of TiSiN and CrN. And
only at a high pressure of 0.6 Pa, when TiN is saturated, the separate TiN and CrN phases are formed.

Table 3. Enthalpies of formation (AH) of binary metal nitrides and silicides based on studied elements [11, 12].

Enthalpy of formation TiN TiSi2 SisNs | CIN CrSiz
AH, xJ/mol -337,7 -171,0 | -750 -1232 | -774

It is known that, in addition to hardness H and reduced Young's modulus £*, the important characteristics of the
coating functionality, that assess the fracture toughness, are the elastic strain to failure and the resistance to plastic
deformation, which are presented by the ratios of H/E* and H’/E*?, respectively. The H?/E*’ ratio determines the level
of toughness of the coating. At the same time, the H/F" ratio makes it possible to evaluate the deformation of the
contacting surfaces [13, 14]. The results of the calculations of H, E* H/E* w H’/**? ratios of multilayer (TiSi)N/CrN
coatings are presented in Table 4.

Table 4. Mechanical characteristics of multilayer (TiSi)N/CrN coatings

. Reaction gas | Bias potential | Hardness | Young's modulus

Seria Py, Pag Li, \% H, GPa ég*, GPa HIE* | HIE®
a 0.08 -100 22.1 209 0.1 0.22
b 0.08 -200 24.5 305 0.08 0.15
c 0.3 -200 28.2 275 0.1 0.28
d 0.6 —200 31.1 298 0.1 0.33

The calculated H/E* and H*/E*? ratios for all obtained coatings demonstrate the highest values of the resistance to
plastic deformation (H/E* > 0.1 according to the hard nanocomposite films categorization generalized by Musil et al.).
The higher level of H%/E*?, the better resistance of the coating to the formation and propagation of cracks. It should be
noted that the maximum hardness value of 31.1 GPa is identified for multilayer (TiSi)N/CrN coating seria d obtained at
Py = 0.6 Pa and U, = —200V, which is characterized by rather low crystallite sizes (12.9 nm for (TiSiN)N and 13.7 nm
for CrN layers), as well as by the best-developed growth texture [111]. From the structural engineering point of view,
this state corresponds to the presence of nitride phases (TiSi)N and CrN with an isostructural crystal lattice of the
NaCl type in both layers. It should also be noted that layers with lower hardness (CrN) prevent the propagation of
cracks in hard layers ((TiSi)N) when operating under dynamic loads, since softer chromium nitride layers have high
fracture toughness and resistance to deformation, which makes them promising for use as wear resistant coatings.

To determine the adhesive strength, scratches were applied to the surface of the coatings under progressive loading
on the indenter from 0.9 N to 190 N. According to [15], depending on various values of critical loads, several
physicochemical processes occur simultaneously during abrasion, however, only L¢ is directly related to adhesive
failure.

Fig. 4 shows the image of a scratch on the surface of multilayer (TiSi)N/CrN coating seria d obtained at Py = 0.6
Pa and U, =—-200 V, as well as the change in the average values of the friction coefficient « (left scale) and the acoustic
emission amplitude AF (right scale).

The following main critical loads were recorded by changing the curves of the dependence of the friction
coefficient and acoustic emission on the load: Lc¢; is the moment of appearance of the first chevron crack at the bottom
and a diagonal crack along the edges of the scratch; L is the moment of appearance of chevron cracks at the bottom of
the scratch; L¢;s is the moment of the formation of many chevron cracks at the bottom of the scratch and local peeling of
the coating; L¢y is the moment of appearance of cohesive-adhesive destructions of the coating; L¢s is the moment of
plastic abrasion of the coating to the substrate.

To compare the obtained results, the adhesion characteristics of single-layer (TiSi)N and CrN coatings obtained
under the same conditions as multilayer (TiSi)N/CrN coatings were used. An analysis of scratches on the surface of
(TiSi)N/CrN indicates that the appearance of fluctuations in the acoustic emission signal at low loads is associated not
with the destruction of the coating, but with the presence of defects on its surface and structure. When the load increases
to 28,9 H (see Table 5, load L¢;3) the formation of chipping occurs along the edges of the scratch. It is confirmed by a
slight increase in the amplitude of acoustic emission and the coefficient of friction; moreover, it increases the
penetration depth of the indenter. Obtained results indicate that during scratching multilayer (TiSi)N/CrN coatings wear
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out, but do not exfoliate; thus, they are destroyed by the cohesive mechanism associated with plastic deformation and
the formation of fatigue cracks in the structure of the coating.
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Figure 4. Image of a scratch on the surface of multilayer (TiSi)N/CrN coating obtained at Py = 0.6 Pa and U, = —200 V, as well as
the change in the average values of the friction coefficient « (left scale, red line) and the acoustic emission amplitude AE (right scale,
blue line) along the scratch.

Initially, the surface of the coating resists the penetration of the indenter. In this case, the friction coefficient
increases non-monotonically, while the amplitude AE signal changes insignificantly (see Fig. 4). Further, with an
increase in the load, chips and solely flakes appear along the edges of the scratch (see Fig. 4, image of the scratch); the
penetration depth of the indenter continues to increase. The formation of such cracks is accompanied by an increase in
the amplitude of acoustic emission and the coefficient of friction. The appearance of the substrate material at the bottom
of the scratch is noted when the load L¢s reaches 49.54 N (see Fig. 4 and Table 5).

Table 5. Comparative results of the adhesion testing of multilayer (TiSi)N/CrN coating (seria d) and single-layer (TiSi)N and CrN coatings

Coating Reaction | Bias potential Load, N Friction
gas Pv, Pa Up, V Lot | Lea | Les | Led | Les | coefficient, u
(TiSi)N/CIN 0.6 —200 6.1 | 124 | 289 | 36.8 | 49.5 0.35
(TiSi)N 0.6 —100 9.5 | 124 | 18.3 | 48.8 | 453 0.55
CiN 0.6 —100 45 | 7.8 | 123 | 255 | 37.5 0.24
CONCLUSIONS

1. The effect of vacuum-arc deposition parameters on the composition, structure, and properties of multilayer
(TiSi)N/CrN coatings has been studied. It is shown that the two-phase system of NaCl-type structure (fcc crystal
lattice) is formed in both nitride layers. The preferred orientation for all obtained coatings is (111).

2. It has been established that in multilayer (TiSi)N/CrN coatings, the nanolayered periodic structure of the layers is
even, flat and does not contain visible defects. The smallest crystallites size is 12.9 nm for (TiSi)N and 13.7 nm for
CrN layers. Such a nanoscale structure provides the maximum value of hardness of 31.1 GPa and Young's modulus
of 298 GPa. The main difference in the structure and properties of multilayer coatings is primarily due to
differences in the energy impact of Ti, Si Cr ions on the radiation-stimulated processes of coating formation.

3. The adhesion strength of multilayer (TiSi)N/CrN coating is higher by 10 % compared to single-layer (TiSi)N
and/or CrN coatings. The nanoscale multilayer structure decreases the friction mechanisms, i.e. the friction
coefficient of (TiSi)N/CrN coating is 0.35, while for (TiSi)N is 0.55.

This research was supported by the National Research Foundation of Ukraine (Grant No. 2020.02/0234).
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KOPEJISIIA MIZK TAPAMETPAMHA OCAJIKEHHSA TA CTPYKTYPOIO I BMIACTUBOCTSAMHU
HAHOPO3MIPHUX BATATOINAPOBHUX ITOKPUTTIB (TiSi)N/CrN
B.M. Bepecnes?, O.B. Makcakosa?, C.B. Jlutosuenko?, C.A. Kiaimenko®, [I.B. Fopox?, A.C. Manoxin®,
B.0O. Masziain?, B.O. Yumkaaa?, B.O. Ctoi160B0ii",

“Xapxiecvrutl Hayionanvhull yHisepcumem imeni B.H. Kapaszina, maiioan Ceoboou 4, 61022, m. Xapxis, Yxpaina
bIucmumym naomesepoux mamepianis im. B.M. Baxyia HAH Yipainu, eyn. Asmoszasooceka, 2, 04074, m. Kuis, Yrpaina
“Hayionanvhuil naykoguil yenmp « XapKigcokuil izuxo-mexuiunuti incmumympy, eyi. Akademiuna, 1, 61108, m. Xapkis, Vkpaina
Baratomaposi nokputts (TiSi)N/CrN cdopmoBaHi MeTOZOM BaKyyMHO-IYTOBOTO OCAIKCHHS 3 JABOX KaTOMIB IPH CTpyMax IyTH
(100 = 110) A na TiSi xaroxi i (80 + 90) A na Cr xaroai. HeraTuBHUMII MOTEHIIiaa 3MilIeHHS Ha TpUMadi MiAKJIAJAKA CTAaHOBUB
(100 +200) B, a tuck peaxtuBHOro razy B kamepi (0,03 + 0,6) Ila. HeratuBHuil moTeHmian 3MiOICHHS Ha MiIKIagKaxX HOCHIIOBAB
JZifo i0HHOTO GOMOapXyBaHHS, IO BIUIMHYJIO Ha XIMIYHUH cKial, Ga3oBuil cTaH, MexaHI4HI Ta TPHOOJIOTIYHI BIIACTUBOCTI HOKPUTTIB
(TiSi)N/CrN. Orpumani pesynsratu nokaszany, mo nokpurts (TiSi)N/CrN 3 Bmicrom Si Big 0,53 mo 1,02 ar.% MaioTb BHCOKY
TBepaicth (22,1 + 31,1) 'ma pasom 3 Bucokum moxyiem IOura (209 + 305) T'Tla, pieaem H/E* (0,080 + 0,100), pisuem H3/E*?
0,15+ 0, 33) I'lla Ta koedimiearom Tepts 0,35. 3HaAUCHHS KPUTHYHUX HABAHTAXKCHb NPH JIWHAMIYHOMY BIABIIOBAHHI, 3MIiHU
koedirieHTa TepTs 1 PiBHS CHTHATy aKyCTHYHOI eMicii mpu CKIepoMeTpii cBiguaTh MPO BHCOKY aAre3iidl Hy MIl[HICTh HOKPHUTTIB
(TiSi)N/CrN, 1110 € migcTaBoro peKOMEHyBaTH iX AJIs MiABHIIEHHS IPOILYKTHBHOCTI Pi3albHOTO iIHCTPYMEHTY.

Ku1ro4ogi cj10Ba: 6araromaposi NOKPUTTS, HITPUAM TyrOIJIABKUX METAIIB, TBEPIICTh, are3iiina MIIHICTb.
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