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Abstract: ZrN, (Zr, Ti)N, (Zr,Hf)N, (Zr,Nb)N, (Ti,Zr,Hf)N and (Ti,Zr,Nb)N coatings mechanical
and corrosion properties were investigated in this work. Coatings were deposited by vacuum arc
deposition technique on Ti-6Al-4V titanium alloy. Microhardness measurements, tribological
and scratch tests, profilometry, electrochemical corrosion tests, scanning electron microscopy
were used as investigation techniques. The highest microhardness value (36.2 GPa) was
observed for (Zr,Hf, Ti)N coating, and the lowest value (12 GPa) - for (Zr,Nb)N coating. The
highest critical forces Lc3 during scratch tests were found for coatings containing hafnium. It
was revealed that the shape of anodic potential dependence on time during electrochemical
corrosion tests in galvanostatic mode (3% NaCl environment) strongly dependent on coating
type. The time necessary to reach the maximum stable value of anodic potential can be an
indirect parameter of corrosion resistance. (Zr,Nb,Ti)N coating demonstrated the best corrosion
resistance in used test regimes.

Keywords: titanium alloy; medical implants; nitride coating; friction coefficient; adhesion;
microhardness, corrosion

1. Introduction

Metal implants are actively used in various fields of medicine (osteosynthesis, dentistry,
endoprosthetics, etc.) and titanium alloys being the most frequently used material for such
implants (Annur et.al, 2023; Brunello et al.; 2018; Chen and Thouas, 2015; Cordeiro et.al, 2017;
Kaur and Singh, 2019; Liu et.al, 2017; Sarraf et.al, 2023). Unfortunately, complications in the
form of soft tissue inflammation around metal implants often occur when using these products.
This refers to the formation of a wound channel in the soft tissues and bone around the inserted
implant. These wounds can serve as a source of microbial contamination with a corresponding
reaction of the body in the form of simple tissue infiltration around the implant, purulent
inflammation or spoke osteomyelitis. Impants as prosthetic elements introduced into the body are
foreign bodies (corpora aliena) and can cause a corresponding reaction of the immune and other
systems of the human body (Kaur and Singh, 2019). For example, Ti-6Al-4V alloy, that is
widely used for implants production, contains potentially toxic atoms of aluminum and
vanadium (Chen and Thouas, 2015; Nouri and Wen, 2015; Khorasani et al., 2015; Kaur and
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Singh, 2019; Chen et al., 2023) which have the risk of releasing into the human body. Vanadium
has been associated with gastrointestinal discomfort and decreased body weight gain,
carcinogenic effect (Kaur and Singh, 2019). 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 (Kaur and Singh, 2019).

There are several ways to avoid this negative effect. Application of different surface
modification techniques e.g. deposition of protective coatings is one of approaches most widely
used (Gabor et al., 2024, Rabadzhiyska et al., 2024; Grigoriev et al., 2023a). Modification of the
surface properties of the implant material using coatings deposited using various methods can
significantly reduce the risk of occurrence and development of the above complications, and can
significantly accelerate the healing process and reduce the labor intensity of implant
maintenance. Deposition of modifying coatings on the surface of implants allows them to be
given the necessary properties for biological, physical and chemical inertness, and to achieve
complete elimination of the possibility of metallosis. Besides that coating deposition can reduce
corrosion electrochemical processes, and, consequently, allow achieving a reduction or complete
elimination of allergic and toxic-chemical reactions (Huang et al., 2019; Mohamadian Samim et
al., 2021; Rabadzhiyska et al., 2024).

ZrN films and coatings possess good mechanical and biological properties, good corrosion
resistance making them applicable in bioengineering and industry (Laera et al., 2021; Lamm et
al., 2023; Rabadzhiyska et al., 2024; Tang et al., 2016). ZrN coatings are commercially available
coatings for orthopaedic implants, which are used for articulating surfaces in joint arthroplasty
(Gabor et al., 2024). The properties of ZrN coatings can be improved with the deposition of
multilayered metal nitride systems (Gabor et al., 2024). Multilayer nanoscale coatings on the
basis of nitrides of transition metals are well-known for their unique physical-mechanical
properties, as well as good corrosion resistance (Chen et al., 2020; Dohm et al., 2024; Frank et
al., 2022; Gabor et al., 2024; Lotkov et al., 2021; Mohamadian Samim et al., 2021; Pogrebnjak et
al., 2017; Wu et al., 2022). In particular, ZrN/TiN multilayer coatings exhibited a higher fracture
stress compared to the single-layer coatings ( Frank et al., 2022). In (Mohamadian Samim et al.,
2021) it was reported that corrosion resistance of ZrN/CrN nanolayers is enhanced by increasing
the number of bilayer periods thus blocking the penetration path of corrosive solution. Even
penetration of hydrogen through the coating can be slowed down in such a way (Lotkov et al.,
2021).

Investigations carried out earlier revealed the phase-structural characteristics of ZrN, (Zr,Ti)N,
(Zr,Hf)N, (Zr,Nb)N, (Ti,Zr,Hf)N and (Ti,Zr,Nb)N single layered and multilayered coatings
which were deposited using one or two cathodes on a Ti6AIl-4V titanium alloy substrate by
means of physical vapor deposition (Vereschaka et al., 2023). Different types of corrosion tests
including placement in 1M solutions with acidic (H,SQO,), alkaline (NaOH) and neutral (NaCl)
media at a constant temperature of 50 °C as well as forced electric potential tests showed high
corrosion resistance of all coatings. However it was found that the difference in corrosion
characteristics was negligible. Investigations of mechanical properties of the above mentioned
coatings (microhardness, friction coefficient, coatings adhesion) as well as additional corrosion
testing in a 3% NaCl environment to find the influence of the coatings composition and structure
on their behavior in a corrosive environment were the main aims of this work.

2. Experimental

The samples of Ti-6Al-4V titanium alloy (Grade 5) were used for investigations. The diameter of
the samples was 25 mm, their thickness — 3 mm. The samples were mechanically grinded before
plasma treatment. The parameters of the surface roughness and waviness were equal to: R,=0.4
um, R~4.1 um, W= 0.24 pum. Roughness parameters of samples corresponded to roughness
parameters of workpieces used for production of hip joints parts.



Coatings were deposited by vacuum arc deposition technique with controlled movement of
cathode spot in nitrogen atmosphere using a modernized VIT-2 PVD installation (Grigoriev et
al., 2023b; Vereschaka et al., 2020). 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 one or two metal cathodes. The following cathodes were used: Zr, Ti, 50 at.% Zr - 50
at.% Nb, 50% at. Zr — 50 at.% Hf. As a result, the following coatings were deposited: ZrN,
(Zr,Nb)N, (Zr,HP)N, (Zr,Ti)N, (Zr,Hf Ti)N and (Zr,Nb,Ti)N.

Earlier conducted investigations have shown that single-phase coating on a basis of ZrN solid
solution were formed using one Zr-containing cathode (Vereschaka et al., 2023). Using two
cathodes (a Zr-containing cathode and a Ti cathode) a two-phase coating containing solid
solutions on a basis of ZrN and TiN was formed (Vereschaka et al., 2023). Elemental
composition of coatings is shown in Table 1. Coatings thickness was about 2.5 um.

Table 1. Concentration of elements in coatings

Coating Elements concentration, at.%
Ti Zr Nb Hf N

ZrN - 48,7 - - 51,3
(Zr,Nb)N - 23,5 23,4 - 53,1
(Zr,Hf)N - 43,5 - 57 50,8
(Zr, Ti)N 22,2 30,5 - - 47,3
(Zr,Nb, Ti)N 37,0 7,5 7,5 - 48,0
(Zr, Hf Ti)N 22,5 26,6 - 3,4 47,5

The microhardness of the coatings was determined on an automated microhardness tester
Duramin 5 (Struers, Denmark) by the indentation method using a Knoop indenter. The normal
load on the diamond indenter was 0.5 N, the holding time in the loaded state was 10 s.
Tribological tests were carried out on a UIPT-001 tribometer (Belarus) under dry friction
conditions with reciprocating motion of an indenter made of hard alloy (WC —92 %, Co -8 % ).
The indenter speed was 2 mm/s, the load on the indenter was 0.5 N. The tests were carried out at
room temperature with a relative air humidity of 40%-50%.

Surface topography was characterized using Mahr MarSurf SD 26 profilometer (Germany). The
length of the track was 17 mm, length of base line for calculation of roughness and waviness
parameters was 5.7 mm. Ra parameter (the average arithmetic deviation of the profile) was
averaged after measurements on 6 tracks. Data were processed using a software package
MarSurf XR 1.

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) and 7.5 mm (sample movement speed 11.5 mm/min). Three
tests were carried out on each sample.

Corrosion tests of nitride coatings were carried out on an Autolab/PGSTAT302N potentiostat-
galvanostat (Metrohm Autolab B.V., Utrecht, Holland) in a galvanostatic mode. In this mode a
constant current load of 4 mA was applied to coating (anode) and change of potential in time was
recorded. The reference electrode was a saturated silver chloride electrode, and the counter
electrode was a platinum plate. The working surface area of each coating was 1 cm?. All tests
were carried out in a solution of 3% NaCl at room temperature and without convection. Analysis
of elemental composition and surface morphology of coatings areas after corrosion tests were
carried out by scanning electron microscopy (SEM) using TESCAN MIRA 3 LMH (Tescan,
s.r.o., Czech Republic) and LEO1455VP (Karl Zeiss, Germany) microscopes.

3. Results and Discussion



Mechanical properties

Figure 1 shows the results of microhardness measurements for all types of coatings under a load
of 0.5 N. The indentation depth was varied from 0.45 to 0.79 um during measurements, i.e. the
indenter penetration depth was less than the coating thickness. As one can see from the presented
data, the highest microhardness value (36.2 GPa) was observed for samples with a (Zr,Hf, Ti)N
coating, and the lowest value (12 GPa) - for samples with a (Zr,Nb)N coating. The
microhardness of the samples of the original titanium alloy Ti-6Al-4V was 3.7 GPa. Addition of
titanium atoms to the coating leads to an increase in microhardness. A possible reason of this
effect is the formation of a layered structure of the coating: alternation of layers of solid
solutions on a basis of ZrN and TiN. Such a layered structure of the coatings appeared as a result
of rotation of the holder with samples and cyclic change in the distance from the surface of the
samples to each of the cathodes. In addition, the microhardness of the TiO, dioxide coating,
which is used for components of commercial endoprostheses introduced into clinical practice,
was measured. The microhardness of the Ti-6Al-4V samples with a titanium dioxide coating was
4.9 GPa.
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Figure 1. Microhardness values of samples with coatings

The tribological tests showed that the friction coefficient values for all coatings was varied in the
range of 0.15-0.17 (Figure 2). All coatings have a higher coefficient of friction than that of the
substrate material in conditions of used tribological tests. The value of the friction coefficient is
determined by a number of factors. Some of the most significant are the strength characteristics
of the material under study and the roughness of its surface. Comparison of the data presented in
Figures 1 and 2 showed that addition of titanium atoms into the coating led to microhardness
growth and can also led to a decrease in the friction coefficient (e.g. compare pairs of coatings
(Zr,Nb)N and (Zr,Nb,Ti)N or (Zr,Hf)N and (Zr,Hf, Ti)N). However, for some pairs of coatings,
an inverse relationship was also observed (e.g. (Zr)N and (Zr,Ti)N), which may be due to the
influence of other prevailing factors.

Friction coefficient data correlate with previously obtained data on surface morphology observed
by scanning electron microscopy (Vereschaka et al., 2023). In particular, it was found that the
highest friction coefficient values corresponded to coatings that were characterized by a larger
amount of droplet phase on the surface, which may be associated with increased adhesion
between the indenter and the metal droplet phase.
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Figure 2. Dependence of coatings friction coefficient on the sliding distance

In order to study the influence of surface morphology on the friction coefficient, the parameters
of surface roughness were determined. Figure 3 shows the values of Ra obtained using a
profilometer. Measurements were taken along and across the direction of samples grinding.

___lalong

0.6 - [55 across

0.5 XN

044

0.3+

Ra, um

0.2+

0.1 1

|
|
S |
1

0.0 - - - - . .
ZrN (Zr,TON  (Zr,NB)N  (ZeHON  (Zr HETIN (Zr Nb,Ti)N

Figure 3. Ra values of coatings measured along and across
the grinding direction

It is evident from Figure 3 that the values of the average arithmetic deviation of the profile are
smaller when measured along the grinding direction for all samples. Their value varied from
0.23 to 0.41 pm. The values of the Ra parameter measured across the grinding direction were
within 0.3-0.6 um. The roughness of the coating surface will be significantly determined by its
morphology - the presence of a droplet phase and other surface inhomogeneities. In particular,
one can see that for the (Zr,Hf)N coating, higher Ra values were observed both along and across
the surface, which may be due to the larger size of the droplet phase, which correlated with the



data of tribological tests and scanning electron microscopy (Vereschaka et al., 2023). Besides
that it can be seen from the Figure 3 that the Ra value of the (Zr,Ti)N coating was higher than
that of the ZrN coating, which may be the reason for the increase in the friction coefficient
(Figure 2).

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: Lcl corresponding to initial cracking appearance, Lc2 — first
chipping and Lc3 — full delamination of a coating (Randall, 2019). In these experiments the
critical forces Lc2 and Lc3 were determined using optical microscopy basing on the distance at
which chipping and delamination occurred and basing on the dependence of the load applied on
the diamond indenter sliding distance. The Table 2 shows the critical normal force, determined
using optical microscopy, at which the first chipping and complete delamination of the coating
were observed. The obtained data show some correlation between the critical force at which
complete delamination of the coating occured and the critical force at which the first chips were
observed along the track.

Table 2. Critical normal force corresponding to the first appearance of chips (Lc2) and complete
delamination (Lc3) of coatings

Coating Lc2, N Lc3, N
ZrN 24.5 37.3
(Zr, THN 17.7 26.5
(Zr,Nb)N 14.7 33.4
(Zr Hf)N 29.4 54.0
(Zr,HE Ti)N 20.6 41.2
(Zr,Nb, Ti)N 19.6 24.5

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 sctratch
tests (Cherenda et al., 2024). The dependences of the friction coefficient of the indenter on it
sliding distance are shown in Figure 4. 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.
Besides that, one can see from the Figure 4 that the friction coefficient of the (Zr,Hf)N coating
(friction path area 2-5 m) is greater than the friction coefficient of the (Zr,Nb)N and ZrN
coatings, that confirms the dependencies presented earlier (Figure 2).
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Figure 4. Dependence of the coatings friction coefficient of a diamond indenter on its sliding
distance

The highest critical force Lc3 was observed for samples with coatings containing hafnium:
(Zr,Hf)N and (Zr,Hf, Ti)N. The (Zr,Hf)N coating also demonstrated the highest value of the
critical force Lc2. However, as can be seen from the images of areas where coating delamination
occured (Figure 5), these coatings are characterized by the largest chips along the entire length of
the track, compared to the other coatings.




Figure 5. Surface morphology (optical microscopy) of coated samples at the areas of coatings
full delamination: ZrN (a), (Zr,Ti)N (b), (Zr,Nb)N (c), (Zr,Hf)N(d), (Zr,Hf Ti)N(e),
(Zr,Nb,Ti)N (f).

It should be noted that coatings containing Nb showed relatively small values of critical loads,
which may be associated with the presence of tensile stresses in the ZrN solid solution
(Vereschaka et al., 2023), which contribute to the destruction of the coating during tests.

Corrosion properties

Previous investigations have shown that the studied protective coatings have high corrosion
resistance at various temperatures and in various aggressive environments, including body fluids
(Vereschaka et al., 2023). At the same time, number of corrosion characteristics determined in
experiments were practically independent of the type of coating. In order to find the influence of
the composition on coatings behavior in a corrosive environment additional studies of corrosion
resistance were carried out in a 3% NaCl environment in galvanostatic mode at a high constant
current load of 4 mA.

Figure 6 shows the dependences of the anodic potential of some tested coatings on time. One can
see from the figure that a sharp increase of potential was observed at the beginning of the tests,
which may be associated with the formation of passivating films on the surface. Then, the
potential was diminished and a temporary section of its relatively constant value was observed.
After that a sharp or gradual growth to a relatively constant value of 2.1-3.4 V was occurred.
Dependencies for ZrN and (Zr,Hf)N coatings were similar to that of (Zr,Nb)N in the shape
(Figure 6).
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Figure 6. Dependence of the anodic potential on time for coatings (ZrTi)N, (Zr,Nb)N,
(Zr,Hf, Ti)N and (Zr,Nb,Ti)N coatings.

An aqueous solution of 3% NaCl corresponds to a concentration of 0.5 mol/l and differs little in
electrochemical characteristics from a standard 1M solution, as shown by calculations using the
Nernst equation. Thus, the process of oxidation of chlorine ions occurring at the anode at room
temperature and atmospheric pressure is characterized by following equations:

2CI" - 2¢" = Cl,T E= E° + 0.059/2 1g(0.5) = 1.358 + 0.0295.0.29 =1.3665 \V/

where E is equilibrium potential, E is standard potential.
In a neutral aqueous solution, the anodic process of oxygen evolution is also possible:

2H,0 —4e =0,T +4H" E=1.23V

The potential onset of corrosion processes on the presented curves is just close to these values,
which is obviously associated with the release of gaseous chlorine on the anode. Chlorine is a
very strong oxidizer and corrosive agent in an aqueous medium, which reacts with almost all
metals and metalloid elements. Oxygen, the release potential of which is lower, obviously does
not interact with chemically stable nitrides, but may be connected to the corrosion process when
the titanium substrate is exposed.

Since the materials being tested are not pure metals, but stable nitride composites of zirconium,
hafnium, niobium and titanium in various combinations on a titanium substrate, they corrode for
a fairly long time (up to ~ 1700 s) - until the potential reaches its maximum value. However, as
the concentration of chlorine in the aqueous solution in the anode zone increases, the process of
its disproportionation is activated:

Cl, + H,O < HOCI1 + HCI

Under normal conditions, about a third of the dissolved chlorine is hydrolyzed, therefore the
concentration of hypochlorous acid gradually increases in the system. Hypochlorous acid is a
very strong oxidizer (the largest among oxygen-containing acids of chlorine) and is capable of
decomposing in solution with the formation of atomic oxygen by a radical mechanism and
chlorine oxide through the short-lived radical CIO®. Hypochlorous acid in solution is capable of
parallel independent transformation of three types:

HCIO < HC1+ O°*
2HCIO «~ H,0 + Cl,O
3HCIO < 2HCI + HCIO;

The conversion potentials of HCIO at the anode in the presence of water range from 0.8 to 1.6 V,
so when a certain concentration is reached, all these forms in the solution can actively participate
in the destruction of both the studied nitride coatings and the titanium substrate.

In addition, the above processes can be intensified in an alkaline environment, which is formed
in the cathode zone of the NaCl solution, gradually spreading throughout the entire volume of
the liquid, since sodium ions from an aqueous solution are not reduced by electric current:

cathode: 2H,0 + 2e" = H, + 20H’
summary process: 2H,0 + 2NaCl = H,T + 2NaOH + CI,T

A sharp increase in potential on the dependence of anodic potential on time (Figure 6) is
associated with the beginning of active anodic destruction of the substrate material and its



numerical value is associated with the nature of the coating (Table 3). A sharp increase up to the
maximum value was characteristic for coatings ZrN, (Zr,Hf)N and (Zr,Nb)N deposited from one
cathode, while a gradual exit to the maximum value was observed for coatings (Zr,Ti)N, (Zr,Hf
Ti)N and (Zr,Nb,Ti)N obtained from two cathodes. Such behavior may be explained by the fact
that the use of two different cathodes led to the formation of coatings consisting of alternating
layers of varied composition Each of the compositions has its own corrosion characteristics,
therefore for multilayer coatings no sharp transition was observed from the predominant
dissolution of the coating to the dissolution of the substrate material.

Table 3. Maximal potentials and time of active dissolution of coatings

Coating Maximum potential, V Dissolution time, s
ZrN 2.1 1000
(Zr, TN 2.08 900
(Zr,HH)N 2.3 1450
(Zr,Nb)N 2.8 850
(Zr Hf, Ti)N 2.1 750
(Zr,Nb, Ti)N 3.4 1700

If one assume that potential values presented in the Table 3 corresponded to complete or partial
corrosion destruction of the coating, then the time to reach this value can be an indirect
parameter of corrosion resistance. Analysis of the results showed that the coating (Zr, Hf)N had
the greatest resistance to corrosion among single-phase coatings, and (Zr, Nb, Ti)N - among two-
phase coatings according to this parameter.

Under standard conditions in aqueous solutions, the concentration of the active agents formed is
quite low, but with a constant forced electrochemical process it gradually becomes sufficient to
destroy the nitride coatings with the formation of ulcerous, crevice and point lesions. Therefore,
additional studies of coatings areas subjected to electrochemical corrosion tests were carried out
using SEM. Figure 7 shows the surface morphology of the coatings after the completion of
corrosion tests.
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Figure 7. Surface morphology of coatings areas after completion of corrosion tests:
ZrN (@), (Zr,Ti)N (b), (Zr,HF)N (c), (Zr,Nb)N (d), (Zr,Hf, Ti)N (e), (Zr,Nb,Ti)N (f)

One can see from Figures 6 and 7 that a sharp change in the value of the anodic potential
corresponded to the formation of a more homogeneous surface morphology and, as a rule, to the
complete dissolution of the coating on the studied area. At the same time, a gradual change in the
value of the potential corresponded to the surface morphology containing areas of different
elemental composition (the contrast in the image was formed by backscattered electrons), i.e.
undissolved areas of the coating.

More detailed studies of the areas subjected to corrosion showed that for the case of the ZrN
coating (under the conditions of the corrosion tests) there were practically no traces of the
coating on the surface (Figure 7a). These areas contained traces of corrosion of the titanium alloy
with an increased oxygen content. Such corrosion traces were observed for all types of coatings
and have the form of dark spots of irregular shape (Figure 8).
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Figure 8. Surface morphology (a) and elements distribution along the line (b) for an area of the
sample with ZrN coating subjected to corrosion.

For the case of the (Zr,Hf)N areas of undissolved coating were observed on the surface (Figure
9). As in the previous case, area in Figure 9 contained traces of corrosion of the titanium alloy
with an increased oxygen content. For these two types of coatings, a sharp increase of potential
up to a maximum values of 2.1-2.3 V was observed, which, according to the data obtained,
corresponded to corrosion of the substrate material itself.
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Figure 9. Surface morphology (a) and elements distribution along the line (b) for an area of the
sample with (Zr,Hf)N coating subjected to corrosion.

The complication of the coating composition and its architecture led to corrosion resistance
increase. In particular, the addition of titanium atoms to the ZrN coating led to a growth of
number of areas with undissolved coating (Fig. 7b). Similar effect was observed after the
addition of titanium atoms to the (Zr, Hf)N coating (Fig. 7e). For a coating of a more
complicated composition, this effect was more pronounced. In particular, the combined use of Ti
and Zr-Nb cathodes for spraying the (Zr,Nb,Ti)N coating provided (under the conditions of the
tests) the best continuity of the coating on the surface of the test area (Figure 10). Elements of
this coating were predominantly observed over the entire surface of the investigated area. One
can see from Figure 10 that the areas of undissolved coating had different thicknesses. Traces of
titanium alloy corrosion were also observed on the surface. For this coating a gradual increase of
potential was observed (Figure 6), and the maximum potential value more likely was not
reached. Thus (Zr,Nb,Ti)N coating that had the best resistance to forced electrochemical
corrosion among the studied types of nitride coatings (under the conditions of this experiment). It
should be noted that used corrosion regimes were significantly more severe than regimes that
could be established in the liquid environments of the human body. So applied corrosion regimes
are more suitable for corresponding industrial applications of these nitride coatings.
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Figure 10 - Surface morphology (a) and distribution of elements along the line (b) for an area of
the sample with a (Zr,Nb, Ti)N coating subjected to corrosion

The conducted studies have shown that to assess the resistance of the studied nitride coatings
under conditions of electrochemical corrosion in galvanostatic mode combined investigations are
necessary, including both an analysis of the patterns of recorded electrical characteristics
dependencies, their correlation with chemical reactions occurring on the surface and an analysis
of the surface morphology of the areas subjected to corrosion.

Under the conditions chosen for these investigations, it was found that with a constant anodic
current of 4 mA in 30 minutes almost complete destruction of nitride coatings occured in most
of cases. In order to determine the nature of destruction of the coatings themselves, the corrosion
time in the galvanostatic mode was reduced to 400 s. After that, the morphology and elemental
composition of the areas subject to corrosion were analyzed. The results of the studies are
presented in Figures 11-14.

One can see from Figures 11 and 12, that for ZrN and (Zr,Hf)N coatings, corrosion had pitting
nature. Centers of corrosion attack in the surface plane were spherical and penetrate the entire
coating thickness in depth. The addition of Hf atoms to the coating composition led to a decrease
in the diameters of corrosion traces from ~ 370 um to ~ 170 um, leading to diminishing of the
substrate material area that was in direct contact with the corrosive environment and increasing
the time of full coating dissolution (Table 3). The appearance of corrosion centers can be caused
by a droplet metal phase, the density of which on the surface (Vereschaka et al., 2023) correlated
with the density of corrosion centers obtained in this work. The interaction of a locally exposed
metal surface with aggressive anions (CI°) could be the cause of pitting corrosion.
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Figure 11. Morphology of the ZrN coating area and elements distribution map after corrosion
testing for 400 s.

Earlier it was shown that titanium and titanium alloys are subject to high-temperature rapid
corrosion in the presence of chlorides, moreover, the corrosion has a pitting character (Gurappa,
2003). The destruction of the alloy is caused by a reaction with chlorine ions. The following
mechanism of corrosion destruction was proposed (Gurappa, 2003). The oxide film formed on
the surface is mainly a layer of TiO,. Titanium oxide reacts with chlorine ions present in the
solution, forming TiCly:

TiO, + 2CI" + 2¢ = TiCl, + 207"
Chlorine gas reacts with metallic titanium and titanium chloride reacts with oxygen:

_ Tisoliay + 2C|2(qas) =TiCl,
TiCly(solia) + Oz2(gas) = TiOx(solic) + 2Cl2(gas)-

Despite the fact that this model was proposed for gas corrosion at high temperatures, similar
reactions can also occur locally in aqueous solutions.
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Figure 12. Morphology of the (Zr,Hf)N coating area and elements distribution map after
corrosion testing for 400 s.

For other types of coatings, a decrease in the etching time led to an increase in the area of
undissolved parts of the coating (Figure 13). That is, in most cases, penetration of the corrosive
environment through various types of channels to the substrate material was occurred. As it was
found earlier (Zr,Nb,Ti)N coating demonstrated the best result in maintaining the continuity of
the surface coating (Figure 14).
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Figure 13. Morphology of the coating area (Zr, Ti)N and elements distribution map after
corrosion testing for 400 s.
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Figure 14. Morphology of the coating area (Zr, Nb, Ti)N and elements distribution map after
corrosion testing for 400 s.

Additional studies of coatings on a basis of ZrN and TiN solid solutions, subjected to corrosion
tests, allow to determine corrosion character by the difference in dependences of the potential on
time, which indicate the occurrence of a number of chemical reactions on the anode surface and



in the near-anode zone with the participation of electrolyte components, leading to an increase in
the concentration of chlorine compounds with high corrosion activity over time.

4. Conclusions

Mechanical and corrosion properties of ZrN, (Zr,Ti)N, (Zr,Hf)N, (Zr,Nb)N, (Ti,Zr,Hf)N and
(Ti,Zr,Nb)N single layered and multilayered coatings which were deposited using one or two
cathodes on a Ti6Al-4V titanium alloy substrate by means of physical vapor deposition were
investigated.

The findings showed that the highest microhardness value (36.2 GPa) was observed for samples
with a (Zr,Hf, Ti)N coating, and the lowest value (12 GPa) - for samples with a (Zr,Nb)N coating.
The tribological tests revealed that the friction coefficient values for all coatings was varied in
the range of 0.15-0.17. All coatings had a higher coefficient of friction than the substrate
material in conditions of used tribological tests. The highest friction coefficient values
corresponded to coatings that were characterized by a larger amount of droplet phase on the
surface, which may be associated with increased adhesion between the indenter and the metal
droplet phase. During scratch testing the highest critical force Lc3 was observed for samples
with coatings containing hafnium: (Zr,Hf)N and (Zr,Hf Ti)N. The (Zr,Hf)N coating also
demonstrated the highest value of the critical force Lc2. However, these coatings were
characterized by the largest area of chips along the entire length of the track, compared to the
other coatings. Coatings containing Nb showed relatively small values of critical loads, which
may be associated with the presence of tensile stresses in the ZrN solid solution

The findings showed that the shape of anodic potential dependence on time during
electrochemical corrosion tests in galvanostatic mode (3% NaCl environment) strongly
dependent on coating type. A sharp growth to the maximum value was characteristic of ZrN,
(Zr,Hf)N and (Zr,Nb)N coatings deposited from one cathode, while a gradual growth to the
maximum value was observed for (Zr,Ti)N, (Ti,Zr,Hf)N and (Zr,Nb,Ti)N coatings obtained from
two cathodes. Such behavior may be explained by the fact that the use of two different cathodes
led to the formation of coatings consisting of alternating layers of varied composition. It was
shown that the time necessary to reach the maximum stable value of anodic potential could be an
indirect parameter of corrosion resistance. (Zr,Nb,Ti)N coating demonstrated the highest value
of corrosion resistance according to this criterion that was confirmed by scanning electron
microscopy investigations.
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