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Abstract

The paper investigates the structure and mechanical properties of (Zr, Nb)N, (Zr, Hf)N and (Zr, Nb, Hf)N
vacuum arc deposited coatings on the Ti-6Al-4V titanium substrate. The coatings are a single-phase ZrN-based
solid solution. The highest (17 GPa) microhardness is obtained for the (Zr, Hf, Nb)N coating. The (Zr, Hf)N
coating shows the highest critical force Lc3 during scratch tests. A decrease in the niobium concentration in
the (Zr, Nb)N coating and the higher hafnium concentration in the (Zr, Hf)N coating, provide the growth in the
critical force Lc3.
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Introduction

Titanium alloys are the most frequently used material for the production of metal implants applied in various
fields of medicine [1-4]. At the same time, implants are foreign objects for a human body and can cause immune
and other system’s response [2]. For example, the Ti-6Al-4V alloy widely used in the implant production,
contains potentially toxic atoms of aluminum and vanadium which have the risk of releasing into the human
body [1-3]. Vanadium is associated with a gastrointestinal discomfort, decreased body weight and carcinogenic
effect [2]. Aluminium is also toxic in high doses and can cause a number of diseases: neurotoxicity, disordered
motor activity, reduction in the spatial memory capacity and Alzheimer’s disease [2].

A protective coating deposition is widely used to avoid negative effects [5, 6]. According to Wu et al. [7],
physical vapor deposition (PVD) of coatings based on transition metal nitrides, attracts considerable attention
from researchers. Such coatings possess unique mechanical and tribological properties and good corrosion
resistance. ZrN coatings belong to this type [5, 6, 8]. In particular, ZrN coatings are commercially available for
orthopedic implants, which are used for jointed surfaces in arthroplasty [5]. Besides binary nitride materials,
ternary and higher-order material systems are being developed to ensure the best combination of properties [9].
Zr-Nb-N and Zr-Hf-N coating compositions are an important issue in this approach [9-17].

In a number of works it is reported that Zr-Nb-N PVD coatings possess the high hardness, high elastic
modulus and low wear rate [10-12]. According to [10, 11], the Zr—Nb—N system has a high potential to provide
scratch resistant coatings. Many researchers [11, 12], mention the ZrN-based FCC solid solution as a single
or the main phase of the coating. At the same time, different Nb concentration leads to structural changes
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in the coating, affecting its mechanical properties [12, 13]. Krysina et al. [12], report that the Nb addition in
the coating results in its structure refinement. The same effect is described by Qian ef al. [13] for Nb-Zr-N
films. The growth in the Zr/Nb stoichiometric ratio provides the increased the average grain size and lattice
parameter. Zr-Hf-N coatings also have the FCC crystal structure and are characterized by enhanced mechanical
and tribological properties [14—16]. It is also reported that the higher Hf concentration in the coating does not
significantly change its hardness. Negligible hardening of the solid solution due to a small difference in the
atomic radius of Zr and Hf, can be the main reason of this effect [14]. Atar et al. [17] show that residual stresses
in (Zr, Hf)N films with 11.9 at.% Hf, are induced by the small difference in the atomic radius. In contrast, the
growth in the Hf concentration, considerably increases the adhesive strength and wear resistance of coatings
[14, 15].

In our recent research [18] into 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 onto the Ti-6Al-4V titanium substrate, it is shown that the
presence of Hf atoms in the coating enhances its hardness and adhesive strength, whereas the addition of Nb
atoms provides the high corrosion resistance of the (Ti, Zr, Nb)N coating.

The aim of this work is to study the influence of the Nb and Hf concentration on the structure and mechanical
properties of (Zr, Hf)N, (Zr, Nb)N and (Zr, Nb, Hf)N coatings.

Materials and methods

The Ti-6Al-4V titanium alloy (Grade 5) was used as a substrate. The coatings were deposited onto substrates by
vacuum arc deposition at the cathode spot motion control in nitrogen using a modernized VIT-2 PVD installation
[19]. Prior to the deposition process, the substrate surface was cleaned by Zr ions, resulting in the formation of
a thin (~50nm) metal sublayer. The coatings were deposited using two cathodic vacuum arc evaporators. The
following cathode pairs 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, (Zr, Nb)N, (Zr, Hf)N and (Zr, Nb, Hf)N coatings were
deposited. The second Zr cathode allowed to reduce the Nb and Hf concentration in (Zr, Nb)N and (Zr, Hf)N
coatings in contrast to those investigated in [19]. The deposition parameters included 80 A arc current of the
zirconium cathode, 85 and 90 A arc current of Zr-Nb, Zr-Hf cathodes, respectively, 0.42 Pa gas pressure, —150V
substrate bias voltage, 0.7 rpm rotation speed, and ~4.5 um coating thickness.

X-ray diffraction patterns (XRD) of the coating structure and phase composition were obtained using a Rigaku
Ultima IV X-ray Diffractometer (Japan) equipped with a graphite monochromator with Cu Ko radiation.
SEM/EDX elemental analysis was conducted on an LEO 1455VP scanning electron microscope (SEM) (Karl
Zeiss, Germany). The microhardness testing was performed on a 402 MVD (Instron Wolpert Wilson Instruments)
Vickers hardness tester. Measurements were conducted at 1N normal load, 10s exposure. Scratch tests were
carried out using Vickers diamond pyramid tip with 0.4 mm radius and linear load increasing from 0.05 to 98 N.
The running track length was 15mm (0.17kg/s loading speed, 0.19 mm/s motion speed). Three tracks were
made for each sample, and the obtained results were averaged.

Results and discussion

The elemental composition of the surface layer ~1 um thick is presented in Table 1. One can see that zirconium
is the predominant metallic element in multicomponent coatings. The use of two cathodes (one of which is
Zr) in (Zr, Nb)N and (Zr, Hf)N coatings, provides the reduction in the niobium and hafnium concentration to
respectively 10.2 and 2.0 at.% in the ZrN-based solid solution. The use of Zr-Nb or Zr-Hf cathode leads to
the formation of (Zr, Nb)N and (Zr, Hf)N coatings with their concentration of 23.5 and 5.7 at.%, respectively
[19]. A combination of these data obtained earlier, allows to investigate the effect of niobium and hafnium
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Table 1 EDX analysis of the elemental composition of (Zr, Nb)N, (Zr, Hf)N and (Zr, Nb, Hf)N coatings

Coatings Elemental composition, at.%

Zr Nb Hf N
(Zr, Nb)N 41.1 10.2 - 48.7
(Zr, HF)N 494 - 2.0 48.6
(Zr, Nb, HH)N 38.5 11.5 33 46.7

concentration on the coating properties. The Nb and Hf concentration in the (Zr, Nb, Hf)N coating is higher
than in (Zr, Nb)N and (Zr, Hf)N coatings. However, this difference is insignificant and near the error limit of the
concentration detection. For all types of the coatings, the nitrogen concentration approaches to stoichiometric
(47-49 at.%).

Figure 1 shows XRD patterns for substrates with (Zr, Hf)N, (Zr, Nb)N and (Zr, Nb, Hf)N coatings. As
can be seen from this figure, earlier obtained patterns are observed in [19]. In particular, the obtained single-
phase ZrN-based FCC solid solution coatings comprise additional alloying elements. Diffraction peaks of the
ZrN-based FCC solid solution, are broader for (Zr, Nb)N and (Zr, Nb, Hf)N coatings than for the (Zr, Hf)N
coating. This can be explained by both the higher coatings microstress and smaller crystallite size. The latter
is already observed in [12, 13]. Also, a change is observed for the lattice parameter (calculated by (111) and
(311) diffraction peaks) of the ZrN-based solid solution. Calculation results are summarized in Fig. 2.

One can see that the use of the Zr-Nb cathode leads 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. The Nb atomic radius is smaller
(0.164nm) than that of Zr (0.175nm) that can be a reason for this effect. The similar effect is described in [12].
The lattice parameter of solid solutions corresponds (within the error limits) to the lattice parameter in the ZrN
coating [19]. A comparison with these data, shows that a decrease in the hafnium content from 5.7 to 2 at.%,
results in a slight growth in the lattice parameter approaching to that of the ZrN coating. At the same time,
a decrease in the niobium concentration from 23.5 to 10.2 at.%, results in a significant increase in the lattice
parameter matching the ZrN lattice parameter. In general, a decrease in the niobium and hafnium concentration,
lead to a decrease in micro and macrostresses in coatings and, consequently, in mechanical properties. 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 a slight change in
the elemental composition of coatings (see Table 1).
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Fig. 1 XRD patterns for 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 [19] are calculated from (111) diffraction peak
position of the reference ZrN phase
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Vickers microhardness measurements were carried out for (Zr, Nb)N, (Zr, Hf)N and (Zr, Nb, Hf)N coatings at
the penetration depth of 1.5-2um. The highest (15.8+0.7 GPa and 16.9+1.7 GPa) microhardness was observed
for (Zr, Hf)N and (Zr, Nb, Hf)N coatings, which had almost similar elemental composition (Table 1) and,
probably, macrostress values (Fig. 2). The microhardness of the (Zr, Nb)N coating was 9.2+0.6 GPa. The
obtained data were consistent with those obtained in previous research, where it was found that the (Zr, Nb)N
coating microhardness was lower than that of other coatings. This can be associated with tensile stress formation
in the coating [18].

The Knoop hardness test was used for the microhardness measurements in [18] for the ZrN coating, (Zr,
Nb)N coating with 23.5 at.% Nb and (Zr, Hf)N coating with 5.7 at.% Hf. The obtained microhardness was
21.5, 12.0 and 28.3 GPa, respectively. A direct comparison with the data received in this work, was not correct
because different types of indenters and loads were used. However, it is possible to estimate the composition
effect on the microhardness through the ratio of the highest (Zr, Hf)N coating microhardness to the lowest
microhardness of the (Zr, Nb)N coating. For the case presented in [18], this ratio was 2.4. At the same time,
this ratio was reduced to 1.9. Thus, the Nb and Hf content reduction in (Zr, Nb)N and (Zr, Hf)N coatings led
to the microhardness ratio reduced to 1, while the microhardness value approached to that of the ZrN coating.

The adhesive strength of the coating was measured after their deposition onto the titanium substrate. All
scratches occurred along the direction of the sample grinding. It was found that wear tracks were characterized
by chips on the track side and complete coating delamination.

It is known that three main critical loads are usually determined by scratch tests: Lc1 corresponds to the crack
initiation, Lc2 denotes the first chipping, and Lc3 indicates complete delamination [20]. In these experiments,
the critical load Lc3 is determined by optical microscopy via the distance at which complete delamination occurs
and the applied load dependence on the sliding distance of the indenter. The load Lc3 is 36N for samples with
the (Zr, Nb)N coating, SON for (Zr, Hf)N coating, and 42N for (Zr, Nb, Hf)N coating.

Another criterion for complete delamination of the coating deposited onto a relatively smooth surface, is
probably a critical change in the friction coefficient of the indenter [20]. The dependences between the indenter
friction coefficient and sliding distance are shown in Fig. 3. One can see a dramatic growth in the friction
coefficient indicating to complete delamination of the coating and the indenter penetration in the Ti-6Al-4V
alloy substrate that corresponds to the critical load Lc3 obtained by optical microscopy. The highest critical
load Lc3 is observed for Hf-containing coatings. However, these coatings are characterized by the largest chips
along the entire track length compared to other coatings.

In the work [18], adhesive strength tests of ZrN, (Zr, Nb)N coatings with 23.5 at.% Nb and (Zr, Hf)N coatings
with 5.7 at.% Hf were conducted under the same conditions as in the present work. The critical load values for
these coatings were 37.3, 33.4 and 54.0N, respectively [18]. Comparison with the data obtained in the present
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work showed that the lower niobium content in the (Zr, Nb)N coating and the higher hafnium concentration in
the (Zr, Hf)N coating enhanced the critical load Lc3. These data correlated with the previous data [18] on the
Nb content in the ZrN coating, which caused a decrease in the critical load in adhesive strength tests. That was
probably due to the formation of tensile residual stresses in the coating crystal lattice [19], which contributed
to the coating delamination under mechanical loads. On the contrary, the Hf content led to an increase in the
coating adhesive strength and hardness. A positive influence of Hf atoms on the adhesive strength of ZrN
coatings was already detected in [14, 15]. However, a large difference in strength properties of the Ti alloy
substrate and the hard coating, resulted in an increase in the coating fragmentation 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 ZrN-based coatings.

Conclusions

The structure, elemental composition and mechanical properties were investigated for (Zr, Nb)N, (Zr, Hf)N
and (Zr, Nb, Hf)N vacuum arc deposited coatings onto the Ti-6Al-4V titanium substrate. The coatings were
single-phase ZrN-based FCC solid solution. Nb-containing coatings had the lower lattice parameter than the
ZrN reference phase that was associated with the smaller atomic radius of niobium atoms. Comparison with
previously conducted investigations showed that the higher niobium concentration led to a decrease in the lattice
parameter of the ZrN-based solid solution.

Vickers microhardness measurements showed that the microhardness of (Zr, Hf)N and (Zr, Nb, Hf)N coatings
was the highest and ranged between 16 and 17 GPa. The (Zr, Nb)N coating microhardness was ~9 GPa. During
scratch testing, the highest critical load Lc3 was observed for the (Zr, Hf)N coating. However, Hf-containing
coatings were characterized by the largest fragmentation area along the track length. The (Zr, Nb)N coating
demonstrated relatively low critical load, which was probably associated with the formation of tensile stresses
in the ZrN-based solid solution. A comparison with the data obtained earlier, showed that a decrease in the
niobium concentration in the (Zr, Nb)N coating and increase in the hafnium concentration in the (Zr, Hf)N
coating led to the higher critical load Lc3.
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