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STRUCTURE AND MECHANICAL PROPERTIES OF (Zr,Nb)N, (Zr,Hf)N AND (Zr,Nb,Hf)N COATINGS  
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Structure and mechanical properties of (Zr,Nb)N, (Zr,Hf)N, and (Zr,Nb,Hf)N vacuum arc coatings deposited 

on Ti-6Al-4V titanium alloy were investigated in this work. The coatings were single-phase solid solutions 

based on ZrN. The highest microhardness value (17 GPa) was observed for (Zr,Hf,Nb)N coating. (Zr,Hf)N 

coating possessed the highest critical force Lc3 during scratch tests. A decrease of the niobium concentration 

in the (Zr,Nb)N coating and an increase of the hafnium concentration in the (Zr,Hf)N coating led to the growth 

of the critical force Lc3.  
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INTRODUCTION 

 

Titanium alloys being the most frequently used material for production of metal implants actively applied in 

various fields of medicine [1-4]. At the same time implants are foreign objects introduced into the human body and can 

cause a corresponding reaction of the immune and other systems [2]. For example, Ti-6Al-4V alloy that is widely used 

for implants production contains potentially toxic atoms of aluminum and vanadium which have the risk of releasing 

into the human body [1-3]. Vanadium has been associated with gastrointestinal discomfort and decreased body weight 

gain, carcinogenic effect [2]. Aluminium is also toxic in high doses and can be linked to a number of diseases: 

neurotoxicity, impairment of motor functions, reduction of spatial memory capacity and Alzheimer's disease [2].  

Deposition of protective coatings is one of approaches most widely used to avoid this negative effect [5, 6]. 

Application of transition metals nitride PVD coatings in this direction attracts considerable attention [7]. Such coatings 

possess exceptional mechanical and tribological properties as well as good corrosion resistance [7]. ZrN coating is one 

of examples of such a kind [5,6,8]. In particular, ZrN coatings are commercially available coatings for orthopaedic 

implants, which are used for articulating surfaces in joint arthroplasty [5]. Besides binary nitride materials, ternary and 

higher order material systems are under development to ensure an optimal combination of properties [9]. Thus coatings 

of Zr-Nb-N and Zr-Hf-N compositions are of the interest in relation to this approach [9-17]. 

 In a number of works it was reported that Zr-Nb-N PVD coatings and films possess high hardness, high elastic 

modulus and low wear rate [10-12]. In [10, 11] it was mentioned that Zr–Nb–N system has a high potential to provide 

scratch resistant coatings. In most of references fcc solid solution on the base of ZrN was mentioned as a single or a 

main phase constituent of the coating [11, 12]. At the same time change of Nb concentration led to the structural 

changes in coating influencing it mechanical properties [12, 13]. In [12] it was found that addition of niobium resulted 

in coating structure refinement. Similar effect was reported for Nb-Zr-N films [13]. Growth of the Zr/Nb stoichiometric 

ratio resulted in the average grain size and lattice parameter increase [13]. Zr-Hf-N coatings also had fcc crystalline 

lattice and is characterized by enhanced mechanical and tribological properties [14-16]. At the same time it was 

reported that increase of Hf concentration in coating did not change the hardness significantly [14-16]. Negligible solid 

solution hardening due to small atomic radius difference between Zr and Hf atoms can be the main reason of this effect 

[14]. Small difference in atomic radiuses also is a cause of insignificant influence of Hf atoms addition (up to 11.9 at.% 

Hf) on the level of ZrN films residual stress [17]. In contrast growth of Hf concentration considerably increases 

adhesion strength of coatings and wear resistance [14, 15].  

Earlier conducted investigations of mechanical and corrosion properties of ZrN, (Zr,Ti)N, (Zr,Hf)N, (Zr,Nb)N, 

(Ti,Zr,Hf)N and (Ti,Zr,Nb)N coatings deposited on a Ti-6Al-4V titanium alloy revealed that presence of Hf atoms in 

the coating led to hardness and coating adhesion increase [18]. While addition of Nb atoms provided high corrosion 

resistance of (Ti,Zr,Nb)N coating [18]. Thus the investigation of Nb and Hf atoms concentration influence on the 

structure and mechanical properties of (Zr,Hf)N, (Zr,Nb)N and, (Zr,Nb,Hf)N coatings were the main aims of this work. 
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MATERIALS AND EXPERIMENTAL METHODS 

 

The samples of Ti-6Al-4V titanium alloy (Grade 5) were used for investigations. Coatings were deposited by 

vacuum arc deposition technique with controlled movement of cathode spot in nitrogen atmosphere using a modernized 

VIT-2 PVD installation [19]. Cleaning of the surface by Zr ions was carried out before deposition resulting in formation 

of thin (~ 50 nm) metal sublayer. The coatings were deposited using two metal cathodes. The following pairs of 

cathodes were used: Zr and 50 at.% Zr - 50 at.% Nb, Zr and 50% at. Zr – 50 at.% Hf, 50 at.% Zr - 50 at.% Nb and 

50% at. Zr – 50 at.% Hf. As a result, the following coatings were deposited: (Zr,Nb)N, (Zr,Hf)N and (Zr,Nb,Hf)N. 

Usage of second Zr cathode allows to diminish concentration of Nb and Hf in (Zr,Nb)N and (Zr,Hf)N coatings in 

contrast to the coatings investigated in [19]. During coating deposition, the arc current of the zirconium cathode was 80 

A. The arc current of the Zr-Nb, Zr-Hf cathodes was, respectively, 85 and 90 A. Deposition was carried out under the 

following parameters, identical for all processes: nitrogen pressure was 0.42 Pa, bias voltage on substrate was -150 V, 

tool rotation speed was 0.7 rpm. The thickness of coatings was ~ 4.5 μm. 

The structural-phase state of the coatings was studied by X-ray diffraction analysis using a Rigaku Ultima IV 

diffractometer (Rigaku Co., Tokyo, Japan) in Cu Kα radiation focusing parallel beams. Analysis of elemental 

composition was carried out by energy dispersive X-ray analysis using LEO1455VP (Karl Zeiss, Germany) scanning 

electron microscope. The microhardness of the coatings was determined on 402MVD (Instron Wolpert Wilson 

Instruments) microhardness tester using a Vickers indenter. The normal load on the diamond indenter was 1 N, the 

holding time in the loaded state was 10 s. Scratch tests were carried out with 0.4 mm radius diamond indenter with a 

load linearly increasing from 0.05 to 98 N. The scratch tracks length was 15 mm (loading speed 0.17 kg/s, sample 

movement speed 0.19 mm/s). Three tests were carried out on each sample. 

 

EXPERIMENTAL RESULTS 

 

The results of coatings elemental composition analysis in the surface layer with the thickness of ~ 1 μm are 

presented in Table. From the data it is evident that zirconium was the predominant metallic element in the 

multicomponent coatings. The use of two cathodes (one of which is Zr) in the (Zr,Nb)N and (Zr,Hf)N coatings make it 

possible to reduce the concentration of niobium and hafnium in the ZrN-based solid solution up to 10.2 and 2.0 at.%, 

respectively. The use of one Zr-Nb or Zr-Hf cathode led to the formation of (Zr,Nb)N and (Zr,Hf)N coatings with a 

concentration of 23.5 and 5.7 at.% [19]. Combination of data received in this work with the data of earlier findings 

allow to investigate the effect of niobium and hafnium concentration on the coatings properties. The concentration of 

Nb and Hf in the (Zr,Nb,Hf)N coating was higher than for the case of (Zr,Nb)N and (Zr,Hf)N coatings. However, this 

difference is insignificant and is near the limit of error of concentration determination . For all types of coatings, the 

nitrogen concentration was close to stoichiometric one (47-49 at. %). 

 

Table. Concentration of elements in (Zr,Nb)N, (Zr,Hf)N and (Zr,Nb,Hf)N coatings (energy dispersive X-ray analysis). 

Coating Concentration of elements, at. % 

Zr Nb Hf N 

(Zr,Nb)N 41.1 10.2 - 48.7 

(Zr,Hf)N 49.4 - 2.0 48.6 

(Zr,Nb,Hf)N 38.5 11.5 3.3 46.7 

 

Figure 1 shows the diffraction patterns of samples with (Zr,Hf)N, (Zr,Nb)N and (Zr,Nb,Hf)N coatings. As one 

can see from the figure, earlier obtained regularities are observed [19]. In particular, single-phase coatings based on a 

ZrN solid solution with fcc crystalline lattice containing additional alloying elements were formed during deposition. 

Diffraction lines of the solid solution based on ZrN had a larger width in the (Zr,Nb)N and (Zr,Nb,Hf)N coatings 

compared to that of (Zr,Hf)N coating. This effect can be associated with both a higher value of microstress in the 

coatings and a smaller size of crystallites. The latter effect was already found in [12, 13]. Beside that a change in the 

lattice parameter (calculated using (111) and (311) diffraction lines) of the solid solution based on ZrN is observed. The 

calculation results are shown in Figure 2. 



3 

 

 
Fig. 1. Diffraction patterns of samples with (Zr,Nb)N, (Zr,Hf)N and (Zr,Nb,Hf)N coatings.  

 
Fig. 2. Lattice parameter of ZrN solid solution in (Zr,Nb)N, (Zr,Hf)N and (Zr,Nb,Hf)N coatings. Lattice parameters 

taken from Ref. [19] were calculated using diffraction line (111) ZrN. 

 

One can see that the use of the Zr-Nb cathode led to a decrease in the lattice parameter of the solid solution in 

the (Zr,Nb)N and (Zr,Nb, Hf)N coatings compared to the (Zr,Hf)N coating. Smaller radius of Nb atoms (0.164 nm) than 

that of Zr (0.175 nm) is the reason for this effect. Similar regularity was observed in [12]. The lattice parameter of the 

solid solutions corresponded (within the error limits) to the lattice parameter in the ZrN coating [19]. Comparison with 

the data of work [19] shows that a decrease in the hafnium concentration in the coating from 5.7 at.% to 2 at.% led to an 

insignificant decrease in the lattice parameter to a value corresponding to the lattice parameter in the ZrN coating. At 

the same time, a decrease of the niobium concentration from 23.5 at.% to 10.2 at.% resulted in significant increase of 

the lattice parameter up to the value of ZrN lattice parameter. In general, the decrease of niobium and hafnium 

concentration should lead to a decrease in micro- and macrostresses in the coatings and the corresponding response of 

mechanical characteristics. The lattice parameter of the solid solution in the (Zr,Nb,Hf)N coating does not differ within 

the error limits from the lattice parameter of the solid solution in the (Zr,Nb)N coating, which is associated with an 

insignificant change in the elemental composition of the coatings (Table). 

The mechanical properties of (Zr,Nb)N, (Zr,Hf)N and (Zr,Nb,Hf)N were also investigated. In particular, 

Vickers microhardness measurements were carried out. The indenter penetration depth was 1.5-2 μm. Highest 
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microhardness values (15.8±0.7 GPa and 16.9±1.7 GPa) were observed for (Zr,Hf)N and (Zr,Nb,Hf)N coatings, which 

have close elemental composition (Table) and, probably, close macrostress values (Fig. 2). The microhardness of 

(Zr,Nb)N coating was less - 9.2 ±0.6 GPa. The obtained data are consistent with the previously conducted research 

where it was found that (Zr,Nb)N coatings had lower microhardness compared to other types of coatings, which may be 

associated with the existence of tensile stresses in the coating [26]. 

In the work [18] the data on Knoop microhardness measuruments of ZrN coating, (Zr,Nb)N coating with the 

Nb concentration of 23.5 at.% and (Zr,Hf)N coating with the Hf concentration of 5.7 at.% were presented. The 

microhardness values were 21.5, 12.0 and 28.3 GPa for the corresponding type of coating [18]. Direct comparison with 

the data received in this work is not correct because different types of indenters and different loads were used. However, 

it is possible to estimate the effect of the composition on the microhardness value through the ratio of the maximum 

microhardness (observed in the (Zr,Hf)N coating) to the minimum microhardness (that was obtained for (Zr,Nb)N 

coating). For the case presented in [18] this ratio was 2.4. At the same time, for the coatings under consideration, this 

ratio was decreased to 1.9. So diminishing of Nb and Hf concentration in the (Zr,Nb)N and (Zr,Hf)N coatings should 

obviously lead to decreasing of the concerned microhardnesses ratio to the value of 1 while microhardness value will be 

approached to the value of ZrN coating.  

After coatings deposition on the titanium alloy tests were also conducted on their adhesive strength. All 

scratches were made along the direction of samples grinding. Investigations showed that the tracks were characterized 

by the appearance of chips on the sides of the track, and subsequent full delamination of the coating. It is known that 

three main critical loads are usually determined using scratch tests: Lc1 corresponding to initial cracking appearance, 

Lc2 – first chipping and Lc3 – full delamination of a coating [20]. In these experiments the critical force Lc3 was 

determined using optical microscopy basing on the distance at which full delamination occurred and basing on the 

dependence of the load applied on the diamond indenter sliding distance. Lc3 was equal 36 N for samples with 

(Zr,Nb)N coating, 50 N – for (Zr,Hf)N coating and 42 N – for (Zr,Nb,Hf)N coating. 

Another criterion for full delamination of coating deposited on a relatively smooth surfaces may be a sharp 

change in the value of the friction coefficient of the diamond indenter during scratch tests [20]. The dependences of the 

indenter friction coefficient on it sliding distance are shown in Figure 3.  

 
Fig. 3. Dependence of the (Zr,Nb)N, (Zr,Hf)N and (Zr,Nb,Hf)N coatings friction coefficient of a diamond indenter on 

its sliding distance 

 

The dependences show a sharp increase in the friction coefficient indicating full delamination of the coating 

and penetration of indenter into Ti-6Al-4V alloy, that corresponds to the values of critical force Lc3 obtained using 

optical microscopy. The highest critical forces Lc3 were observed for samples with coatings containing hafnium. 

However, these coating were characterized by the largest chips along the entire length of the track, compared to the 

other coatings. 

In the work [18] adhesion tests of ZrN, (Zr,Nb)N coatings with Nb concentration of 23.5 at.% and (Zr,Hf)N 

coatings with Hf concentration of 5.7 at.% were carried out under the same conditions as in the present case. The 
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critical force values for the corresponding coatings were 37.3, 33.4 and 54.0 N [18]. Comparison with the data obtained 

in the present work shows that a decrease in the niobium concentration in the (Zr,Nb)N coating and an increase in the 

hafnium concentration in the (Zr,Hf)N coating led to an increase of Lc3 critical force. These data correlate with 

previous findings [18] that the presence of Nb in the ZrN coating caused a decrease in the critical force in adhesion 

tests. The possible reason of this effect is the appearance of tensile residual stresses in the crystal lattice of the coating 

[19], which contribute to the destruction of the coating under mechanical loads. While the presence of Hf, on the 

contrary, leads to an increase in the adhesive strength and hardness of the coating. Positive influence of Hf atoms on 

adhesive strength of ZrN coatings was already found in [14, 15]. However, a large difference in the strength 

characteristics of the Ti alloy as a substrate and the hard coating in this case, resulted in increase of the area of coating 

chips along the scratch. The (Zr,Nb,Hf)N coating had a kind of "average" mechanical characteristics due to the 

"opposite" effect of Nb and Hf atoms on the mechanical properties of coatings based on ZrN solid solutions. 

 

CONCLUSIONS 

 

Structure, elemental composition, mechanical and corrosion properties of (Zr,Nb)N, (Zr,Hf)N and (Zr,Nb,Hf)N 

coatings which were deposited using two cathodes on a Ti-6Al-4V titanium alloy substrate by means of vacuum arc 

deposition were investigated this work. The coatings were single-phase solid solutions based on ZrN with fcc crystalline 

structure. The coatings containing Nb had a smaller lattice parameter compared to the ZrN standard, which is associated 

with a smaller atomic radius of niobium atoms. Comparison with previously conducted investgations showed that an 

increase of the niobium concentration led to a decrease of the lattice parameter of the solid solution based on ZrN. 

Vickers microhardness measurements showed that (Zr,Hf)N and (Zr,Nb,Hf)N coatings had the highest 

microhardness value (16-17 GPa). The microhardness of the (Zr,Nb)N coating was lower ~ 9 GPa. During scratch 

testing the highest critical force Lc3 was observed for (Zr,Hf)N coating. However coatings containing Hf were 

characterized by the largest area of chips along the entire length of the track. (Zr,Nb)N coating showed relatively small 

value of critical load, which may be associated with the presence of tensile stresses in the ZrN solid solution. 

Comparison with the data obtained earlier showed that a decrease of the niobium concentration in the (Zr,Nb)N coating 

and an increase of the hafnium concentration in the (Zr,Hf)N coating led to an increase of the critical force Lc3. 
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