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Abstract: This study aims to characterise TICN coatings deposited on Ti6Al4V by physical vapour
deposition. Findings on surface morphology, geometric structure, adhesion, instrumental hardness,
and tribology are presented. Microscopic examination revealed a uniform coating with a thickness
of about 1.5 um and roughness (Sq) equal to 0.13 um. Mechanical tests showed that the coating
deposition increased the hardness of the Ti6Al4V alloy by about 75%. The artificial saliva solution used
in the tribological tests reduced the coefficient of friction and the volumetric wear of the tested friction
pairs. Microscopic observations of wear tracks after tribological tests allowed for the identification of
wear mechanisms: micro-cutting/ploughing wear dominated in both the Ti6Al4V alloy and TiCN
coating samples, but wear was much less pronounced overall with the TiCN coating. The study
results demonstrate that the deposition of a TICN coating simultaneously imparts low-friction and
anti-wear properties to the surface of titanium alloys.
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1. Introduction

The development of implantology has led to a dynamic increase in the demand for
biomaterials and medical devices. Implanted elements must have appropriate mechanical
and tribological properties, high biocompatibility, and bacterial and fungistatic resistance.
This demand poses a great challenge for modern materials science. In this context, one
of the most frequently studied groups of materials is titanium and its alloys [1,2]. The
great interest in these materials stems primarily from their biocompatibility, high strength,
low density, and excellent resistance to local corrosion (pitting, inter-granular, stress) and
chemical corrosion (comparable to platinum) [3-7]. In implantology, titanium alloys are
used for orthopaedic, dental, and cardiovascular implants; they are also used as plates,
screws, nails, pins, and reinforcing cores for bone fractures [8-10].

Despite the continuous development of biomaterials in both material and structural
terms, mechanical wear and tribocorrosion are observed on implanted surfaces [11,12].
Wear shortens the lifespan of implants and may also threaten patients” health and lives [13].
New methods have long been sought to improve the durability of biomedical materials.
One of the techniques to extend their service life is by modifying the surface layer, e.g., by
depositing coatings using vacuum techniques such as physical (PVD) [14,15] and chemical
(CVD) vapour deposition [16], or ion implantation [17]. The advantages of CVD include
the high deposition rate and coating homogeneity; the disadvantages are the deposition
temperature and higher gas pressure than that in PVD. Physical vapour deposition (PVD)
involves the crystallisation of vapours of a metal or its compounds on the surface of
a component to be coated. In this process, the coating can be administered by several
methods, e.g., by magnetron sputter deposition, by arc deposition, by vacuum evaporation,
or by ion plating, in which the ion source of the deposited material is a circular target that
is placed in a chamber. A vacuum is created in the chamber (10~° Pa) to remove impurities
(gases and water vapour); then, a working gas (usually argon) is added until a working
pressure of 1073 <+ 1072 Pa is reached. The gas atoms are ionised in an electric field and
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accelerated in a magnetic field towards the target. Hitting the target surface knocks the
material atoms out and deposits them on the coated surface. In the case of ceramic coatings,
e.g., TiN or CrN, a reactive gas such as nitrogen is introduced into the vacuum chamber in
addition to argon. In the plasma, a chemical reaction occurs between the atomised metal
and the gas, and the resulting compound is then deposited on the component to be coated.
The thickness of coatings obtained by PVD is usually 0.25-5 um (for decorative coatings) or
1-6 pm (for functional coatings) [18-20]. Of the many coatings obtained by these methods
for biomedical applications, the most studied are carbides [21], oxides [22,23], and metal
nitrides [24,25], among which titanium nitrides are particularly noteworthy.

Research results indicate that TiN-based coatings applied by PVD improve wear and
corrosion resistance [26,27], and increase the surface hardness [28] of biomedical materials
by approximately ten times. In addition, depositing coatings onto titanium surfaces has
antibacterial functions [29]. On the other hand, according to [30,31], titanium nitride
deposited using the PVD method improves the long-term stability of bolted joints and
extends the fatigue life of biomedical materials.

Danisman et al. [32] studied the morphology, surface geometric structure, and tribo-
logical properties of TiC, TIAIN, and TiCN coatings deposited onto a Ti6Al4V titanium alloy.
They performed tribological tests at room temperature under dry friction using different
loads. The results of these tests indicated that the TiCN and AITiN coatings had a lower
coefficient of friction than the TiN coating and that the deposition of all the coatings under
analysis contributed to an increase in the Ti6Al4V wear resistance. In addition, the authors
analysed the wear tracks and observed adhesive, abrasive, and oxidative wear mechanisms
on the surface of the coatings.

The high interest in titanium nitride-based coatings stems from their biocompatibility
and corrosion resistance. Hollstein and Louda [33] investigated TiCN coatings deposited on
stainless steel for surgical tool applications and found that the TICN coatings they studied
showed good biocompatibility. On coated elements, corrosion occurred significantly more
slowly than on uncoated elements. Similar results were obtained by Feng et al. [34], who
observed a three-fold decrease in corrosion current density in TiCN-coated elements. They
reported that the lack of cytotoxicity, in combination with the mechanical and corrosion
properties, makes TiCN coatings a very interesting material for biomedical applications.
According to Balazsi et al. [35], titanium nitride coatings are among the most promising
materials for long-term implants due to their high biocompatibility and high corrosion
resistance.

A literature analysis indicates that the properties of the TiCN coating in unlubricated
friction nodes have been evaluated previously. As this work is directed towards applying
anti-wear coatings to components used in dental implantology, the present study was
undertaken to investigate the effect of artificial saliva solution on the properties of TICN
coatings deposited on Ti6Al4V. A comprehensive characterisation of the morphology,
surface geometric structure, and mechanical properties was carried out. The evaluation
of the tribological properties of TICN coatings lubricated with artificial saliva solution at
neutral pH and 37 °C was the essential component of this study. This was complemented by
determining the wear mechanisms between the mating parts. The results were compared
with the Ti6Al4V alloy.

Tests carried out in this study indicate that covering friction pair elements with TiICN
anti-wear coatings, additionally supported by a lubricant, reduced the friction coefficient
and wear rate of Ti6Al4V.

2. Materials and Methods
2.1. Preparation of Titanium Samples
The tests used Ti6Al4V titanium alloys purchased in the form of a rod with a diameter of

18 mm. The chemical composition of the Ti6AI4V titanium alloys used is presented in Table 1.
This titanium alloy has good mechanical properties and corrosion resistance [36-39].
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Table 1. Chemical composition of Ti6Al4V titanium alloy.
Ti6Al4V, % Content
Ti A\ Al Fe C N (0] H
Balance 3.5-4.5 5.5-6.75 0.4 max 0.08 max 0.05 max 0.2 max 0.0125 max

The material was supplied as a rod with an 18 mm diameter. Before the TiCN coating
was deposited, the bar was cut into 6 mm high specimens, then ground and polished
using a FEMTO 1100 grinder—polisher (Pace Technologies, Tucson, AZ, USA. The grinding
process used SiC abrasive papers with grit sizes of 120, 240, 320, 600, 1200, and 2500. The
samples were polished on cloth with a diamond polishing paste with a grain size of 3 um.
Finally, substrates were cleaned for 5 min each in both acetone and deionized water using
an ultrasonic bath. The surface roughness (5q) after mechanical processing was 0.08 um.

The titanium carbonitride coating (TiCN) was applied by physical vapor deposition
(PVD) at <400 °C using S3p technology. The layers were made in Oerlikon Balzers using
an INLENIA. This technique is a combination of arc evaporation and sputtering methods.
Depositions were performed in vacuum at 10~® Torr. A schematic of the process is shown
in Figure 1.

<400 °C
Argon Reactive gas

) <=

A [ [ A
C ;3
- o —’ ’7 &=

m
O — mmm) o &= o
u n —‘ u
r e r
C n == c
e t e
s s (= s

CH> =

=i

Vacuum pump

Figure 1. Schematic of the PVD system.

2.2. Research Methodology

The thickness of the deposited TiCN layers was examined by microscopic observations
of the cross-sections using a JSM 7100F scanning electron microscope (JEOL, Tokyo, Japan)
equipped with an EDS energy-dispersion spectrometer. A magnification of x20,000 and
an accelerating voltage of 15 kV were used. The study was expanded to linear elemental
distributions. The results of the tests are presented in Section 3.1.

A confocal microscope DCMS (Leica, Heerbrugg, Canton of St. Gallen, Switzerland)
was used to measure the surface topography. A 1.2 x 2.0 um area was analysed. The
axonometric (3D) images, surface profiles, and essential amplitude parameters are given in
Section 3.2.

A microhardness tester (Anton Paar, Baden, Switzerland) and the scratch method were
used to determine the adhesion, and the hardness and Young’s modulus were measured
using an ultra nano-hardness tester (Anton Paar, Baden, Switzerland). The tests parameters
are presented in Tables 2 and 3. The mechanical test results are shown in Section 3.3.
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Table 2. Parameters of mechanical test—hardness.
Parameter Value
Indenter Berkovich
Load 10 mN
Pauza 5s
Loading and unloading speed 20 mN/min
Obtained parameters Instrumental hardness, Young’s modulus, penetration depth
Table 3. Parameters of mechanical test—adhesion.
Parameter Value
Indenter Rockwell
Load 15N
Scratching speed 12 mm/min
Scratch length 3 mm
Obtained parameters Friction coefficients, loading force, acoustic emission, critical forces

Tribological tests were carried out using an Anton Paar tribometer (Anton Paar, Baden,
Switzerland). Tests were carried out in rotary motion under dry friction and friction with
lubrication with the artificial saliva solution (Table 4). During the tribological tests, a load
force of 1 N, a linear velocity of 0.1 m/s, and a friction distance of 1000 m were used. The
results are presented in Section 3.4.

Table 4. Chemical composition of artificial saliva.

Artificial Saliva, g/dm3
NaCl KCl1 CaCl, * 2H,0 NaH,PO4 * 2H,0 Na,S * 9H,O Urea
0.4 0.4 0.795 0.780 0.005 1.0

The artificial saliva solution with a neutral pH was heated to 37 °C to mimic the
environment in which implants and medical devices work. The counter sample was an
AlyOs3 ball with a diameter of 6 mm and Sa equal to 0.32 pm. A photograph of the friction
pair is shown in Figure 2.

(a) (b)

Figure 2. Friction pair—tribological test: (a) dry friction; (b) lubricated friction with artificial saliva.

The tests were repeated three times for each friction pair at the set parameters, and the
average values of the friction coefficients and linear wear were determined.
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After tribological testing, the samples were subjected to microscopic observations to
determine the depth and volume of wear. Confocal microscopy DCM8 (Leica, Heerbrugg,
Canton of St. Gallen, Switzerland) was used for the study. The parameters of the geometric
structure of the surfaces of the wear traces were analysed in the 1.2 x 2.0 um area. The
results are shown in Section 3.5.

3. Results
3.1. Coating Thickness

Figure 3 shows a cross-sectional image of the TiCN coating morphology along with
the linear distribution of elements. The thickness of the coating was determined from
observations in five areas.
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Figure 3. Linear distribution of elements and coating thickness on the cross-section.

A linear analysis of the elemental distribution of the TiCN coating indicated the
presence of all elements assumed in the fabrication process. The deposited layer was
approximately 1.5 pm thick and consisted of titanium, carbon, and nitrogen, with the
highest concentration of C and N at the surface. At a depth of about 1.2 pm, a marked
decrease in counts of these elements was observed. The titanium content increased with
depth due to its presence in the Ti6Al4V substrate.

3.2. Confocal Microscopy Results

The analysis of the surface topography before (Figure 4) and after coating deposition
(Figure 5) was based on 3D axonometric images (a), primary profiles (b), material contribu-
tion curves (c), and the parameters extracted from them: Spk (reduced peak height), Svk
(reduced valley depth), and amplitude parameters (Table 5).
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Figure 4. Three-dimensional axonometric images (a), primary profiles (b), and material contribution

curves (c) Ti6Al4V titanium alloy.
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Figure 5. Three-dimensional axonometric images (a), primary profiles (b), and material contribution
curves (c) TiICN coatings.

Table 5. Amplitude parameters before tribology testing.

Sq Sv Sp Ssk Sku

pm -
Ti6Al4V 0.08 0.51 1.50 —0.04 3.34
TiCN 0.13 1.55 2.12 0.98 9.75

The deposition of a TICN coating significantly influenced changes in the Ti6Al4V
surface topography. Compared to the titanium alloy, the values of the amplitude parameters
Sq, Sv, and Sp for the coating were 40%, 70%, and 30% higher, respectively. The positive
skewness value of 0.98 indicates the presence of peaks with steep slopes and apexes with
small radii of curvature on the surface of the coating. The analysis of the material ratio
curves and the results obtained from parameters Spk and Svk indicated that the running-in
time for the coating would be longer than that for Ti6Al4V. Additionally, higher friction
coefficients should be expected in the initial test period, i.e., during the running-in period.
The value of the reduced depth of valleys (Svk) affects the ability to retain the lubricant. The
higher Svk value for the TiCN coating indicates that it is characterised by better lubrication.
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This surface topography analysis allows for the preliminary prediction of tribological
properties at the stage of surface layer formation.

3.3. Adhesion and Hardness

Figure 6 shows the results of the scratch test of TICN coatings deposited on the
Ti6Al4V titanium alloy. The diagrams show optical images of the scratches, as well as plots
of loading force (Fn), acoustic emission (Ae), friction coefficients u, and the values of critical
forces (LC1-LC3).

15

—
N

O

[68]

Friction force, N
(o)}

Friction force

—-r 30
25 2
e =
Pt 20 £
I 15 §
i 2
_--T" 10 ‘&
il S
T .../'\‘\f\'“’\,j\l\[\\l\ S
0
0.5 1 1.5 2 2.5 3
Scratch length, mm

Acoustic emission —— LC1 ——LC2 ——LC3

Figure 6. Results of the TiCN scratch tests.

The scratch test results of the TiCN coating deposited onto Ti6Al4V indicated that the
deposited layer was characterised by good adhesion to the metallic substrate. A jump in
acoustic emission was observed under a critical load of approximately 8.48 N (LC1). Since
no chipping of the deposited layer was observed in the optical image, it is assumed that
the jump is related to the surface roughness of the coating (presence of peaks and valleys).
Increasing the load to 13.4 N (LC2) led to the appearance of the first cracks. These cracks
were located inside the formed scratch and were cohesive in nature, i.e., opposite to the
direction of movement of the indenter. Increasing the load intensified the formed cracks
and their propagation outside the scratch. This resulted in a large amount of chipping
along the entire edge of the formed scratch when the indenter was loaded with a force of
13.7 N. Complete coating removal was observed after scratching the TICN coating with an
indenter loaded with a force of 13.9 N (LC3).

Figure 7 presents the load—unload curve as a function of indenter penetration recorded
during the hardness test for the reference material and the coating. Table 6 shows the
average values of instrumental hardness Hjr, maximum indenter penetration depth hy,,
and Young’s modulus Ejr, calculated from the three measurement series.

The results of the mechanical tests indicated that the Ti6Al4V titanium alloy had a
lower instrumental hardness and Young’s modulus than the TICN coating. Their values
were 6521 MPa and 141 GPa, respectively, and were about 75% and 60% lower than for
TiCN. Based on the results of the mechanical tests, it is assumed that the titanium alloy will
have lower wear resistance than the titanium nitride coating.
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Figure 7. Loading-unloading curves as a function of indenter penetration depth in the TiCN coating.

Table 6. Hardness measurement results.

Sample
Farameter Ti6AI4V TiCN
1 6607.97 24,529.11
2 6397.83 25,763.87
Instrumental hardness (Hyr), 3 6566.75 24,996.49
MPa mean 6521.18 25,096.49
std. dev. 111.34 509,02
1 145.01 322,89
2 136.94 358,41
Young’s modulus (Eyr), 3 143.40 346,65
GPa
mean 141.78 342,65
std. dev. 427 14.77
1 270.87 145.78
2 275.97 149.23
Maximum penetration depth (hy), nm 3 271.79 154.67
mean 272.88 149.83
std. dev. 2.71 3.65

3.4. Tribological Tests

The purpose of the tribological test was to determine the coefficients of friction and
the linear wear of the friction pairs studied. The results are presented in Figures 8-10.

The results of the tribological tests on the Ti6Al4V titanium alloy indicate a fluctuating
coefficient of friction under all test conditions. The average coefficient of friction was 0.86
during dry friction, but 0.45 under friction with lubrication with artificial saliva. In the
case of the TiCN coating during dry friction and friction with artificial saliva lubrication,
initially, the dynamic coefficient of friction increased sharply, reaching about 100 m of the
sliding distance. Then, it decreased to a value of about 0.35 and remained at this level until
the end of the test. This was most likely due to the high surface roughness of the coating
and the running-in stage in the initial phase of the test. Finally, the average coefficient of
friction of the coating was 0.37 during dry friction, and 0.33 under lubrication with artificial
saliva solution.
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Figure 10. Average values of friction coefficients and linear wear.

3.5. Assessment of Surface Geometric Structure of Samples

Following the tribological tests, the samples were subjected to microscopic observations.
Optical and 3D axonometric images and wear profiles are presented in Figures 11 and 12.
Tables 7 and 8 show the amplitude parameters, while Table 9 summarises the values of
maximum wear depth and volume.
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Ti6Al4V

0.0 0.5 1.0 1.5 2.0 mm *
(b)

Figure 11. Optical images, three-dimensional axonometric images, and average values of abrasion
profiles of Ti6Al4V titanium alloy after (a) friction in dry conditions and (b) lubricated friction with
artificial saliva.

TiCN

0.0 0.5 1.0 1.5 mm

0.0 0.5 1.0 1.5 mm

(b)

Figure 12. Optical images, three-dimensional axonometric images, and average values of abra-
sion profiles of TiCN coatings after (a) friction in dry conditions and (b) lubricated friction with
artificial saliva.
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Table 7. Amplitude parameters after friction in dry conditions.
Ti6Al4V TiCN
Before After Before After
Sq, pm 0.08 3.35 0.13 0.01
Sv, um 0.51 28.54 1.55 0.23
Sp, um 1.50 26.72 212 0.24
Ssk —0.04 —0.15 0.98 0.13
Sku 3.34 6.8 9.75 2.18
Table 8. Amplitude parameters after lubricated friction with artificial saliva.
Ti6Al4V TiCN
Before After Before After
Sq, pm 0.08 3.14 0.13 0.15
Sv, um 0.51 6.19 1.55 0.40
Sp, um 1.50 29.72 2.12 0.29
Ssk —0.04 3.27 0.98 —0.62
Sku 3.34 5.86 9.75 3.09
Table 9. Average values of wear depth and volume.
Wear Depth, um Wear Volume, mm?
DF AS DF AS
Ti6Al4V 59.2 66.5 7.0 x 1072 7.4 %1072
TiCN 0.44 0.72 5.86 x 107° 6.71 x 107

The results of the microscopic observations after the tribological tests indicated that
the height parameters were variable depending on the friction conditions and the nature of
the surface layer. The highest peaks and valleys were observed on the Ti6Al4V titanium
alloy for samples subjected to dry friction and friction with artificial saliva lubrication. The
optical and 3D axonometric image analysis showed that micro-cutting/ploughing wear
was the dominant wear mechanism. Still, in the case of the coating, wear was significantly
lower.

The wear track depth results suggest the high wear resistance of the coatings on
Ti6 Al4V. The coating’s lowest wear volume and depth values were observed under dry
friction and lubrication with artificial saliva. The lubricant increased the wear of Ti6Al4V
by 5% and TiCN by 12% due to tribocorrosion between the artificial saliva and the tested
surfaces. The wear track depth values revealed that TiCN was not entirely worn away and
performed its anti-wear function well.

4. Conclusions
The following conclusions were formulated based on the test results:

1.  Applying the physical vapour deposition (PVD) technique resulted in coatings with a
thickness of approximately 1.5 um, characterised by a uniform structure. No defects,
such as voids or stratifications, were observed in the coatings.

2. Adhesion tests revealed that the TICN coating deposited on the Ti6Al4V alloy surface
exhibited good adhesion to the substrate.

3. The deposition of carbon-based and titanium-based coatings increased the instrumen-
tal hardness and Young’s modulus of the Ti6Al4V titanium alloy by approximately
75% and 60%, respectively.
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4.  Tribological tests showed that the Ti6Al4V alloy had higher coefficients of friction (by
56%) and wear (by 25%) compared to the TiCN coating. Additionally, the use of a
lubricant in the form of artificial saliva was observed to reduce frictional resistance.

5. Tribological studies indicated that coating mating surfaces with titanium nitride
coatings, further aided by lubricants, significantly reduces wear intensity.

6. The dominant wear mechanism for the investigated materials was abrasive wear with
grooving and micro-cutting, which was further intensified by the presence of hard
wear products such as Al,Oj3 in the friction zone.

7. The microscopic analysis of the wear tracks after the tribological tests indicated that
the TiCN coating fulfilled its anti-wear function.
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