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PHYSICAL AND MECHANICAL PROPERTIES OF 

MULTICOMPONENT (Zr+TiBSiNi)N COATING FABRICATED BY 

PLASMA-ASSISTED VACUUM-ARC DEPOSITION 
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The paper studies physical and mechanical properties of multicomponent (Zr+TiBSiNi)N coating synthesized 
by vacuum-arc deposition using the traditional plasma-assisted gas source “PINK” and new beam-plasma 
formation (BPF) system. It is shown that the coating obtained by using the BPF system, has better properties 
that the coating obtained by using the traditional plasma-assisted gas source. In the first case, the coating 
hardness is 47.8 GPA and in the second case, it is 40.9 GPa. The X-ray diffraction analysis shows that along 
with ZrN and TiN phases, the BPF-synthesized coating consists of the superhard and heat-resistant TiB2 

phase. The X-ray diffraction analysis of the phase composition conducted for the in situ synchrotron radiation 
beam, shows that notable phase transformations start at temperatures higher than 750°C. 

Keywords: vacuum arc deposition, multicomponent coating, beam-plasma formation, gas discharge plasma, 
microhardness, X-ray diffraction analysis. 

INTRODUCTION 

Simple ZrN coatings are not widely used as wear resistant in the tool production owing to their lower hardness 
as compared to conventional and widespread TiN coatings [1–3]. However, ZrN oxidation resistance higher than TiN, is 
interesting to researchers and developers of technologies [4]. There is a tendency to the creation of ZrN coatings 
together with other elements and compositions with a view to improve their physical and mechanical properties [5–7]. 
For example, in our research [8], the oxidation resistance of the ZrN coating is improved due to a combination of the 
ZrN/CrN compound. Sobol et al. [9] report that the difference between ZrN/CrN and TiN/CrN coatings is the higher 
resistance of the former to radiation damage. This assertion causes the additional interest for using ZrN/CrN coatings in 
nuclear industry [10, 11]. In particular fuel element shells operating at 650–700°C, are subjected to corrosion induced 
by overheated water [12]. Hence, protective coatings must provide high-temperature (>700 °C) resistance to oxidation. 
It is interesting to note that Beresnev et al. [13] find that at 500°C, Zr-Ti-Si-N coatings possess the higher wear 
resistance and lower coefficient of friction than TiN and Ti-Si-N coatings. 

The aim of this work is to investigate physical and mechanical properties of plasma-assisted vacuum-arc 
deposition of the (Zr+TiBSiNi)N coating consisting of above indicated elements. The paper gives a comparison for two 
plasma-assisted methods, sc. the relatively novel beam-plasma formation (BPF) system [14] and conventional plasma-
assisted gas source “PINK” [15, 16]. 
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MATERIALS AND METHODS 

The plasma-assisted vacuum-arc deposition of the (Zr+TiBSiNi)N coating is performed on the upgraded 
system Bulat NNV6.6-I1 (Russia) equipped with the additional different plasma sources [17]. The schematic view of 
this coating deposition system is presented in Fig. 1. In the traditional configuration of the plasma generation (Fig. 1а), 
the plasma source “PINK” is used to produce the plasma concentration gradient directed towards the chamber walls. Its 
maximum concentration locates nearby the “PINK” exit aperture, while the minimum concentration locates at 
a distance from it. The maximum density of metal plasma flows created by vacuum-arc evaporators, is observed nearby 
cathodes. Apparently, this nonuniform distribution of gas and metal ion flows affects the results reproducibility and 
coating properties. This is especially important for large-sized products and/or in real production conditions, when it is 
necessary to provide uniform properties for obtained products on different areas of the working surface. 

The coating was deposited onto cylindrical substrates with the diameter 8 mm and 6 mm high, made of the 
WC–8Co alloy. These substrates were mounted to the turning table to simulate the real arrangement of tools for the 
coating deposition in production conditions. During sputtering, the cylinders rotated about themselves and 
circumferentially relative to vacuum-arc evaporators and gas plasma source (Fig. 1). The rotation speed of the turning 
table was 3.5 rpm. 

For comparison, two vacuum-arc evaporators with 80 mm cylindrical cathodes were used in both cases to 
generate the solid-state plasma. Cathodes were prepared by SHS pressing of the Ti-B-Si-Ni system and E-110 
zirconium alloy consisting of 0.9 to 1.1% Nb. SHS cathodes were fabricated from exothermic combination of Ti, B, Si 
elements taken respectively in the atomic ratio 2:2:1 with the introduction of 10 at.% Ni as a binder [18]. Argon or 
nitrogen gas plasma generated by the “PINK” source or in the beam-plasma formation, was used to preliminary clean 
the surface of products from dielectric and oxide films using the ion bombardment and also assisted in the coating 
synthesis. Cylindrical substrates were cleaned and heated in argon gas discharge plasma at a higher negative bias 
voltage of 900 V. The additional vacuum-arc evaporator with the Zr cathode was connected to the system for the 
substrate heating and diffusion of sputtered solid elements onto its surface, i.e., for the improvement of the substrate 
adhesion to the bonding sublayer of the coating. The bonding sublayer was deposited with evaporation of respective 
cathodes in argon at 150 V bias voltage and 3 min deposition time. The coating was deposited at 150 V bias voltage of 
the substrate in a mixture of N2 and Ar in the proportion of 90 to 10, respectively. The deposition temperature of next 
coatings was 420°C. The arc discharge current was 60 А (minimized for the droplet fraction reduction) for the Zr 

  

Fig. 1. Schematic views of the plasma-assisted vacuum-arc deposition system: а – traditional 
“PINK” plasma source, b – new beam-plasma formation in hot cathode arc discharge plasma.  
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cathode and 80 А for the Ti-B-Si-Ni cathode. The total pressure in the chamber was 0.6 Pa during the deposition 
process, and the depositшon time was 90 min. 

Actual coating thickness was studied first by Calotest techniques and then by the KBW-1 microhardness tester 
(KB Pruftechnik GmbH, Germany) using Vickers pyramid diamond indentation at 0.1 N load. Each coating was tested 
at 10 points, and the obtained results were averaged. The adhesive strength and brittleness were measured for all 
coatings using three Rockwell-C indentation tests at 1500 N load. A Revetest scratch tester (CSM Instruments, USA) 
equipped with a Rockwell C diamond stylus, was used to measure the coating adhesion to the substrate, and the acoustic 
emission signal was recorded depending on the indentation load. The latter increased linearly from zero to 150 N. 
A DMi8M Inverted Microscope (Leica Microsystems, Germany) was used to investigate the surface scratch. The phase 
composition of the coatings was investigated on a Shimadzu XRD-6000S Diffractometer using Cu Kα radiation. The 
analysis of the phase composition was performed using PDF4+ database and the Crystallographica Search-Match 
program. After the preliminary analysis of results demonstrating the high efficiency of the traditional “PINK” plasma 
source, X-ray diffraction (XRD) analysis of phase transformations in the coating was conducted using the synchrotron 
radiation beam at the specimen heating in air up to 1100°C. The experiment was conducted on an in situ diffractometer 
of the “Precise Diffractometry II” beamline mounted on channel No. 6 of the VEPP-3 storage ring in Siberian 
Synchrotron and Terahertz Radiation Centre of the Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia. 
The substrate was heated in the HTK 2000 (Anton Paar) high temperature chamber using a platinum heater also served 
as the substrate holder. The process parameters included 0.172 nm wavelength, 15°C/min heating rate, 30 to 1100°C 
temperature range. XRD patterns were recorded by the position sensitive detector ОD-3М-350 at the exposure time of 
1 min. Fityk (1.3.1) program was used for the obtained data processing. 

RESULTS AND DISCUSSION 

The thickness and microhardness of the (Zr+TiBSiNi)N coating synthesized by the “PINK” plasma source, 
were 3.9 µm and 40.9 GPa, respectively. Along with the ion bombardment from the “PINK” plasma source, this high 
hardness could be explained by the multilayer coating structure due to alternating substrate pass through the evaporation 
zone on cathodes having different composition. The calorimetric analysis of the BPF-synthesized coating, showed its 
3 µm thickness, which was slightly lower than the thickness (3.9 µm) of the coating obtained by the traditional plasma 
source. This could be conditioned by more intensive evaporation of deposited atoms from the BPF system than from the 
“PINK” plasma source. But the microhardness of this coating notably grew up to 47.8 GPa as compared to the 
microhardness 40.9 GPa obtained for “PINK”-synthesized coatings. The Rockwell hardness test in Fig. 2, shows the 
(Zr+TiBSiNi)N coating delamination, which was obtained in the gas and metal beam-plasma formation. Unlike the 
“PINK”-synthesized coating, this delamination is not leaf-like on the periphery. The difference between the outer and 

  

Fig. 2. Rockwell hardness test results of (Zr+TiBSiNi)N coatings: a – using “PINK” 
plasma source, b – using BPF system. 
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inner diameters of the coating delamination, is 1.7, while for the coating obtained with use of the “PINK”, this 
difference comes to 2.0. This indirectly indicates to the better adhesion of the BPF-obtained coating to the substrate. 

Figure 3а presents the dependence of the acoustic emission signal on the indentation load and depth during 
scratch tests of “PINK”-synthesized coatings, and Fig. 3b shows the wear track. The dependence between the acoustic 
emission signal and the indentation depth, is linear up to 50 N load. At a 1.5 mm depth from the surface, there are 
acoustic emission peaks, although the coating is not yet worn (Fig. 3а, b). This indicates to elastic deformation induced 
by the indenter and cohesive wear of the coating surface. 

The dependence shown in Fig. 4а, is typical for the acoustic emission signal from the indenter penetration load 
and depth during scratch tests of the BPF-synthesized coating. Figure 4b presents the photograph of the obtained wear 
track. 

The dependence between the acoustic emission signal and the indentation depth, is linear up to 80 N load. At 
a 2.5 mm depth from the surface, the acoustic emission signal decays. The coating delamination from the substrate 
starts at a 4 mm distance, that exceeds values obtained for the “PINK”-synthesized coating and indicates to its better 
adhesion to the substrate. 

XRD patterns in Fig. 5 show the difference between the phase compositions of the “PINK”- and BPF-obtained 
(Zr+TiBSiNi)N coatings. One can see a great difference between the phase composition of the obtained coatings. The 
(Zr+TiBSiNi)N coating synthesized in the beam-plasma formation, consists of titanium borides and silicides (TiB2 and 
TiSi2) possessing the higher thermal stability than titanium and zirconium nitrides. These phases probably provide the 
high integral hardness for the whole coating [19, 20].  

According to the data obtained, we expect that the new method of the (Zr+TiBSiNi)N coating synthesis in the 
beam-plasma formation is more effective than in the traditional gas and metal plasma generation. Additional X-ray 
diffraction studies (Fig. 6) are performed for the (Zr+TiBSiNi)N coating using synchrotron radiation during heating in 
air. It is found that notable phase transformations begin at 750°C, in particular the ZrO2 phase formation is observed. In 
general, this denotes the high thermal stability of the synthesized multicomponent coating (Zr+TiBSiNi)N.  

 

 

Fig. 3. Dependence of the acoustic emission signal on the indentation load and depth during 
scratch tests of “PINK”-synthesized coating (Zr+TiBSiNi)N (a), photograph of the wear track (b).  
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Fig. 4. Dependence of the acoustic emission signal on the indentation load and depth during 
scratch tests of BPF-synthesized coating (Zr+TiBSiNi)N (a), photograph of the wear track (b).  

 

Fig. 5. XRD patterns for the phase compositions of “PINK”- (top) and 
BPF-synthesized (bottom) (Zr+TiBSiNi)N coatings. 

 

Fig. 6. In situ XRD analysis. 
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CONCLUSIONS 

A comprehensive analysis of the multicomponent coating (Zr+TiBSiNi)N properties confirmed the high 
efficiency of its formation in gas and metal beam-plasma formation, rather than in the traditional gas-metal plasma 
generation by the “PINK” source. Most likely, that resulted from the uniform and constant influence of the reaction gas 
ions on the deposited coating layers, and hence a higher probability of formation of necessary functional compounds in 
it. The obtained data on the high (>40 GPa) hardness of the (Zr+TiBSiNi)N coating synthesized in the new discharge 
system and a good combination of the coating high hardness and sufficient adhesion to the substrate, suggested the 
possibility of its use for hardening cutting tools for hard-to-machine materials, in particular, hardened steels and alloys. 
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