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H I G H L I G H T S  

 The mechanical properties of Cp-Ti substrate, such as nanohardness and scratch resistance, was significantly improved 

by the application of TiN/TiCN/TiC multilayer thin films. 

 TiCN (1 1 1) phase was observed as the most dominant peak in the XRD spectrum and it indicates good crystallization 

which results in improved tribological and mechanical properties. 

 Nanohardness of Cp-Ti substrate material increased from 3.15 GPa to 19.75 GPa after TiN/TiCN/TiC multilayer coating 

and the critical load for scuffing of the coating was found to be as high as 21 N in the scratch test. 
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A B S T R A C T  

Enhancement of scratch and hardness mechanical properties of TiN/TiCN/TiC multilayer 

thin films deposited on commercially pure Titanium (Cp-Ti) and silicon (Si) substrates via 

magnetron sputtering technique were investigated in this study. The structural, chemical and 

mechanical properties of the coatings were characterized by X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), nanoindentation 

and scratch tests. Results of the XRD analysis showed reflections corresponded to cubic and 

polycrystalline structure for TiN/TiCN/TiC films. XPS analysis of the uppermost layer of 

TiN/TiCN/TiC film revealed that titanium nitride and titanium carbide were formed in the 

coatings. According to SEM cross-sectional images, the coatings demonstrated dense 

structure as well as good adhesion to the substrate with a thickness of 3.035 μm. 

Nanoindentation hardness and critical load value of scratch test results of TiN/TiCN/TiC 

multilayer film coated on Cp-Ti substrate materials obtained 19.75 GPa and 21 N, 

respectively. 
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1. Introduction 

Titanium and alloys have good mechanical properties such 

as low density and elastic modulus, high corrosion 

resistance, biocompatibility and long fatigue life, and 

therefore they find a wide range of application area in 

industries including, but not limited to, aerospace, 

automotive, medical, orthopedic, and dental [1–4]. Various 

deposition techniques such as chemical vapor deposition 

(CVD) [5], plasma enhanced chemical vapor deposition 

(PECVD) [6], magnetron sputtering [7], and thermal 

spraying [8, 9]  have been used to improve surface properties 

of titanium and its alloys. 

TiN, TiC, CrN, ZrN, NbN, TiCN, ZrCN, WC, WC–Co and 

WC–Ni, as the early examples of hard film layers, 

outperformed high-speed steel and cementite carbide thanks 

to greater hardness, toughness and lower friction coefficient. 

TiN, TiC and TiCN films have become highly preferable in 

fabrication of cutting tools, load bearings as well as in 

various tribological and biomedical applications as they offer 

excellent wear resistance, high hardness, good corrosion 

resistance, and biocompatibility [10–15]. 

TiN films, a hard ceramic layer, are usually deposited on 

hard steel substrates [16]. On the other hand, for many 

tribological applications, TiC has become the prominent 

coating material [17]. TiCN is another hard coating that 

offers outstanding wear resistance, hardness and corrosion 

resistance. Accompanied with non-cytotoxic character, 

TiCN films come forth as the ideal solution for biomedical 

applications [18]. Furthermore, a multilayer coating 

comprising of TiN/TiCN exhibits excellent mechanical 

properties such as higher hardness, wear and corrosion 

resistance than those of TiN and TiCN single layer films 

[19]. In this study, the microstructure and mechanical 

properties of TiN/TiCN/TiC multilayer thin films deposited 

on Cp-Ti substrates by magnetron sputtering technique were 

investigated. 

2. Materials and Methods 

Table 1 Chemical composition of Cp-Ti samples provided by supplier. 

Element (%) Cp- Ti 

Ti 99.8 

Si < 0.0100 

Mn < 0.0100 

Cr < 0.0100 

Mo < 0.0100 

Al < 0.0050 

Cu < 0.0100 

Fe 0.0926 

V < 0.0500 

Zr < 0.0100 

Sn 0.0997 

Nb < 0.0100 
 

Cp-Ti (grade 4) samples were used as substrate material. 

These samples were cut in 25×25×3 mm dimensions by 

using abrasive water jet method. Chemical composition of 

used substrate provided by supplier is given in Table 1. 

Samples were ultrasonically cleaned with ethanol for 10 min. 

TiN/TiCN/TiC multilayered films were deposited on silicon 

and Cp-Ti substrates by using a DC closed field unbalanced 

magnetron sputtering system (CFUBMS) produced by Teer 

Coatings Ltd. The position of substrates and used targets in 

coating device is given in Figure 1. 

Two rectangular titanium targets with the size of 380×175 

×10 mm and purity of 99.9% for both targets have been used 

for synthesizing the films. The sputtering gas was a mixture 

of Ar and N2. The C2H2 gas was used to prepare the carbon 

content of the coatings.  

 

Figure 1 The position of substrates and targets in the magnetron sputtering 

system. 

The substrates were rotated at speed of 2 rpm by substrate 

holder to obtain homogenous film structure. The deposition 

was carried out at a bias voltage of -60 V, a target current of 

6 A, a distance from substrate to target of 90 mm and 

working pressure of 0.27 Pa. After putting samples into 

chamber, it was pumped down to a base pressure below 

2.66×10-3 Pa. Afterwards, substrate materials were cleaned 

by ion cleaning in vacuum chamber for 20 min to remove 

oxide layers and surface contaminations. Before deposition 

of the TiN/TiCN/TiC multilayer film, Ti interlayer film was 

grown for 2 min, which could be beneficial to good adhesion 

properties [20]. Experimental parameters of TiN/TiCN/TiC 

coating are shown in Table 2. 

Table 2 The TiN/TiCN/TiC multilayer thin film obtained by variation of N2 

and CH4 flow rate. 

Flow rate (%) Ti target 
current (A) 

Treatment 
time (min) 

Phase 

Ar  N2  C2H2 

100 0 0 0 20 Ion cleaning 

100 0 0 6 2 Ti (interlayer) 

40 60 0 6 10 TiN 

25 5 70 6 45 TiCN 

75 0 25 6 15 TiC 

Cross-section SEM image of the multilayer TiN/TiCN/TiC 

thin film deposited on Cp-Ti substrate was observed by 
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Quanta 250 FEG model scanning electron microscope. The 

crystalline structure of the multilayer film was investigated 

by the GNR X-Ray Explorer diffractometer using CuKα 

radiation (λ=1.5406 Å) with a Bragg-Brentano configuration 

(θ/2θ) and the scan range was from 20° to 90° at a scan speed 

of 2°/min. The composition of various compounds of the 

uppermost TiC layer of coating was performed by XPS (PHI-

5000 versaprobe) with monochromatized Al Kα X-ray 

source at pass energy of 58.75 eV. In order to obtain the 

composition of the TiC layer, Ti2p, N1s and C1s spectra of 

the film were examined at pass energy of 187.85 eV and 

samples were sputtered by argon to remove the probable 

contaminations and or oxidations from the film surfaces. 

The adhesion force of the TiN/TiCN/TiC film was measured 

by means of scratch test. The test was conducted by CSM 

Revetest Scratch Tester in dry atmosphere condition with a 

progressive load sliding between 0-30 N over the coating 

surfaces using Rockwell-C indenter tip with radius of 0.2 

mm. The loading rate and track length were 100 N/min and 

3 mm, respectively. Instron hardness tester was used to 

measure the nano-hardness values occurring on the top of the 

surface of the thin film. The applied load was 10 mN, with 

the loading time, waiting time, discharging time and thermal 

sliding time being, in the respective order, 15 s, 10 s, 15 s, 

and 45 s.  

3. Results and discussion 

3.1. Microstructure and composition examination 

The XRD pattern of TiN/TiCN/TiC multilayer film 

deposited on silicon is given in Fig. 2. According to XRD 

pattern all peaks related to the (111), (220) and (222) plane 

of the cubic TiCN phases, (111) and (200) planes of the TiC 

phases and TiN (311) phase have been found in 

TiN/TiCN/TiC multilayer coating. The Ti peak (101) which 

has been applied as Ti interlayer for increase in adhesive 

properties between coating and substrate also has been found 

in multilayer coating [11, 21, 22]. The most dominant peak 

of the XRD pattern belongs to the TiCN (1 1 1) phase as a 

result of good crystallization which could result in improving 

tribological and mechanical properties of the film. On the 

other hand, TiC (111) phase which has high hardness and 

good resistance properties with weak diffraction was 

observed in coating [23–25].  

 

Figure 2 XRD patterns of the TiN/TiCN/TiC coating deposited on the 

silicon. 

The XPS was used to determine the composition of the 

uppermost layer of the TiN/TiCN/TiC multilayer film. XPS 

spectra of Ti2p, N1S and C1s of the film are shown in Fig. 

3. In order to obtain the composition of uppermost layer of 

film, spectra lines were deconvoluted with Gaussian 

function. According to the XPS results, Ti2p had three peaks 

at binding energy of 454.4 eV and 460.6 eV binding energy 

corresponds to TiC and the peak at 456.2 eV corresponds to 

TiN. The N1s spectrum had a peak in 397.2 eV corresponds 

to the TiN. In the case of C1s spectrum, one peak was found 

at 281.9 eV corresponds to TiC bonds. These results showed 

that nitrogen had diffused into the TiC layer of coating [26]. 

 

Figure 3 XPS spectra of; (a) Ti2p (b) N 1s and (c) C 1s of the TiN/TiCN/TiC 

coating. 
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Fig. 4 shows the cross-section SEM image of the 

TiN/TiCN/TiC films deposited on Cp-Ti substrate. To 

observe the cross-section view of the films, coated substrate 

was frozen in liquid nitrogen to give a brittle behavior to the 

ductile substrates and then fractured immediately. After that 

fractured substrate washed with ethanol several times and 

then dried. As can be seen from the SEM image, the 

thicknesses of films deposited on Cp-Ti substrate is 3.035 

μm. The film-substrate interface for TiN/TiCN/TiC films are 

observed to be quite smooth and there is no apparent 

delamination between the substrate and the films. 

 

Figure 4 SEM cross-sectional image of TiN/TiCN/TiC films deposited on 

Cp-Ti substrate. 

3.2. Mechanical properties 

3.2.1. Scratch test 

The value changes chart of coated Cp-Ti substrate of friction 

force, coefficient of friction and normal force values graph 

and optic microscope images obtained from the scratch test 

is given in Fig. 5. When the load value reached to 6 N, initial 

small cohesive fractures (Lc1) began to show and followed 

up to 14 N. These cohesive cracks were widely formed on 

coating surface and present ductile fracture. First adhesive 

fractures occurred at 14 N (Lc2), where coating started to 

separate from the substrate in the form of brittle fracture and 

coating is completely removed from the substrate at 21 N 

(Lc3).  

SEM images of scratch test of coated Cp-Ti sample are given 

in Fig. 6. When the SEM images were examined it was seen 

that first cohesive cracks were started in the vertical direction 

of the scratch path and were defined as Lc1 critical load [27]. 

By increasing the normal load value, the coating began to 

separate from the substrate material and cause adhesive 

fractures (Lc2) [28]. The critical load value (Lc3) of 

TiN/TiCN/TiC coating deposited on Cp-Ti substrate was 21 

N. Properties and performance of coating during the scratch 

test are related to the thickness of film. As coating thickness 

increased, more load is required to remove the coating and 

strength of scratch to delamination increased due to the lower 

stress concentration in the interface and more load support 

by the coating [29, 30]. When we consider our coatings 

thickness (3.035 μm), the film presents good adhesion force 

in comparison with the result of other authors [11, 31]. 

 

Figure 5 SEM images of scratch tracks of coated Cp-Ti substrate.  

 

Figure 6 Frictional force, friction coefficient, normal force values graph and 

optic microscope images of Cp-Ti substrate. 

3.2.2. Nano-Hardness measurements 

Fig. 7 gives a typical loading-unloading indentation curves 

of TiN/TiCN/TiC film coated on Cp-Ti substrate material. 

The initial loading part involved of an elastic-plastic 

displacement while the unloading section released the elastic 

energy. Table 3 presents the results of nanoindentation and 

elastic modulus measurements for coated and uncoated 

substrates of TiN/TiCN/TiC multilayer films. The mean 

values of nanohardness and elastic modulus of the film 

deposited on Cp-Ti substrate were 19.75 GPa and 162.81 

GPa, respectively. Some authors have reported hardness of 

TiN, TiCN and TiN/TiCN multilayer film with the thickness 

of 0.5-6 μm which ranges from 8.2 GPa to 27.3 GPa [2, 32–

34]. Multilayer films could improve mechanical properties 

of films like hardness compared to every single-layered 

films. This improvement leads to high hardness and density. 

It can be explained that strong interface bonding of 

multilayered films results in hindering dislocation movement 

and dislocation glide over the TiN, TiCN and TiC layers 

which could be justified by the differences in the elastic shear 

modulus of the individual layer materials [35]. 

 

Figure 7 The typical loading-unloading curves of the Ti/TiN/TiCN/TiC 

multilayer film. 
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Table 3 Details of nanoindentation hardness and elastic modulus 

measurements of uncoated and TiN/TiCN/TiC coated Cp-Ti substrates. 

Samples Nanoindentation 
Hardness (GPa) 

Elastic modulus 
(GPa) 

Uncoated Cp-Ti 3.15 93.71 

Coated Cp-Ti 19.75 162.81 

4. Conclusions 

The TiN/TiCN/TiC multilayered coatings were successfully 

deposited by CFUBMS technique on silicon, and Cp-Ti 

substrates. Results obtained are given below; 

The thickness of films reached 3.035 μm on Cp-Ti substrate.  

According to the XRD spectrum of the TiN/TiCN/TiC 

coating, Ti, TiN, TiC and TiCN diffractions were detected in 

the coating and the most prominent crystallographic 

reflection was in TiCN (111) plane.  

XPS peaks corresponding to TiN and TiC bonds were found 

in the coating and showed that nitrogen had diffused into TiC 

layer, the top layer of the coating.  

Nanoindentation tests indicate that, by applying of 

TiN/TiCN/TiC multilayer coating, nanohardness of Cp-Ti 

substrate material increased from 3.15 GPa to 19.75 GPa.  

Scratch results showed that the critical load value (Lc3) of 

TiN/TiCN/TiC coating deposited on Cp-Ti substrate was 21 

N.  
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