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Introduction 

The growing technological evolution we are witnessing today has generated the loss of 

a considerable amount of energy as a result of the behavior of mechanical parts and steel 

instruments exposed to harsh environments from elevated temperatures to friction. This has a 

negative impact on both the economic and environmental scales. Solving the problem requires 

the improvement in surfaces performance of mechanical parts subjected to the aggressive 

tensions of friction, which received great interest by researchers for many years. The field of 

thin films in particular hard coatings offered the bright economical solution for enhanced 

mechanical and tribological proprieties with prolonged service life, these latest constitute the 

surface treatments by applying coatings in thin layers (< 10 𝜇m thick).This technology makes 

it possible to deposit a superficial coating which brings remarkable improvements in the 

service life of mechanical parts, especially cutting tools. The specific properties targeted by a 

coating require obtaining a particular structure that determines the quality of the films. This 

particular structure depends closely on the operating conditions associated with the processes 

of deposition [1]. 

Thin films could be produced with different common methods. Physical vapor 

deposition in special represents a variety of vacuum deposition techniques that can be 

employed to grow thin films and coatings.  The most common physical vapor deposition 

processes are sputtering and evaporation. PVD is characterized by a procedure in which the 

material ranges from a condensed phase to a vapor phase and then back to a thin film 

condensed phase on the surface of the desired substrate [2]. 

Magnetron sputtering coating is a vacuum coating process that falls under the category 

of physical vapor deposition (PVD), this technique does not demand melting and evaporation 

of the source material, leading to considerable advantages over different PVD technologies; 

where almost all materials can be deposited by magnetron sputtering anyway of their melting 

temperature; sources can be mounted and set anywhere in the chamber established on the 

needs of the substrate and the coating, and films of alloys and compounds can be deposited 

while keeping similar composition to that of the original material. 

The protective Transition Metal Nitride (TMN) coatings are used for cutting tools and 

wear resistant parts thanks to their high abrasion resistance, thermal stability and corrosion 
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resistance at high temperature [3]. Among these coatings, titanium nitrides has been 

extensively studied in the last few years because of its special properties such as good 

electrical and thermal conductivity, and corrosion resistance [4] high hardness [5], preferred 

(111)-oriented texture [6], high strength and rigidity [7], excellent thermal stability and wear 

resistance [8]. These appreciable properties make it an attractive candidate for different 

technologic applications as well as for the development of decorative purpose, due to its 

golden color [9]. TiN coatings are used in large applications mainly in the modern industrial 

systems and for products having excellent tribological and mechanical performance and high 

corrosion resistance [10]. Over the years, several deposition techniques have been developed 

to reduce the defects in the binary TiN coating.  

 The effect of nitrogen content in titanium nitride was widely studied in many 

applications. Tests of hardness, tribological behavior, corrosion and heat resistance showed 

that titanium nitride coatings with predominate (111) crystalline plane have a great potential 

to be used for protection of steels and tools [11]. In addition, nitrogen is a lubricated solid 

element with low friction coefficient and wear rate that has also been used in severe industrial 

applications [12]. However, in the literature there have been insufficient investigation on the 

combination of the mechanical, tribological and hydrophobic properties of sputtered TiN 

films (hardness, adhesion and wear resistance) and the texture (predominate plane and 

preferential orientation) [13]. They discussed either the microstructure and mechanical 

properties with different nitrogen content, or the influence of nitrogen content on the 

mechanical and tribological behavior without understanding the chemical bonding structure 

and the preferential orientation [14]. 

Recently, TiMN (M=B, Al, C, Si, Zr) nanocomposite coatings with higher hardness, excellent 

tribo-mechanical properties, improved stabilization and higher oxidation resistance have been 

developed and investigated. Many researchers reported that the addition of specific 

elementsto TiN matrix could enhance the system properties. The TiZrN coating can be 

manufactured using different methods and techniques [15, 16]. Furthermore, The TiZrN 

coatings show specific properties, such as excellent toughness, high melting point, 

biocompatibility with the human body, and good oxidation resistance [17]. When the film is 

mechanically damaged, it regenerates itself because of the formation of zirconium oxide on 

the surface [18]. However, the effect of zirconium (Zr) on the structural, mechanical, and 

tribological properties of TiN coatings is less investigated in comparison to other elements. 
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Consequently, the wear mechanisms of TiZrN coatings while protecting alloy surfaces remain 

largely unknown. Nevertheless, there have been few works on the tribological performance of 

TiZrN coatings. The aim of this thesis was to improve the coating wear resistance and 

wettability by creating a dense structure of TiN and TiZrN thin coatings prepared by reactive 

R.F. magnetron sputtering. The effect of N2 and Zr contents on the mechanical and 

tribological performance of TiZrN coatings in atmospheric environment was then examined in 

detail.  

The thesis is divided into four chapters: 

The first chapter: present the state-of-the-art of this thesis; presenting some concepts 

necessary to understand, thin films description, hard coatings, in particular, have been 

highlighted owing to their importance, and finely a bibliographical synthesis on TiN, ZrN and 

TiZrN thin films. 

The second chapter: present the used experimental techniques, namely, production 

systems and physico-chemical, mechanical and tribological characterization techniques.  

The third chapter: structure, surface topography, and tribo-mechanical behavior of Ti-

N thin films deposited by reactive magnetron sputtering on Si (100) wafers, glass, and XC100 

steel substrates, in a mixture of Ar and N2 with varying nitrogen content from 0 and 30 % of 

the total gas mixture, were investigated. 

Finally, the fourth chapter: the deposition of TiZrN thin films on Si (100) wafers and 

XC100 steel substrates by reactive R.F. magnetron sputtering to estimate the effect of 

changing Zr content on the film structure, surface wettability, hardness and wear resistance. 

The thesis is ended with a general conclusion and perspectives of our future works.  

Finally, we had presented a list of our articles and the communications.  
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I.1. Introduction 

To enhance surfaces properties, extend the service life, and improve the appearance of 

materials, thin films are frequently used, whether in electronics fields, optics, or in mechanics, 

the development of different deposition techniques and the control of operating parameters 

have made it possible to obtain coatings with good wear resistance, very high hardness and, 

good thermal and chemical stability.  

The hard materials are generally applied for protecting the cutting tool and given an 

economical advance in the industry. However, they are inadequate to support severs 

mechanical applications (turning, milling, stamping, etc.). Surface treatments remain the 

adequate solution to improve the performance of a metal surface. These treatments consist of 

structural transformations, thermo-chemical diffusion treatments, and conversion, which 

improve the performance of new materials obtained.  

Thin films are subject to new searches due to the great interest concerning lifetime 

prolongation in the industrial fields, thus the ability to obtain coated tools with prolonged life 

in a way significant from 2 to 4 times compared to uncoated.In this chapter, we present 

generalities on thin films,and their applications, then we presented the hard coatings and their 

categories, generalities about transition metal nitrides, also literature reviews of titanium and 

titanium nitride, zirconium, and zirconium nitride, and finally, the interesting ternary TiZrN 

system.  

I.2. Thin films 

The thin film appears as a thin layer of material, ranging in thickness from a few 

nanometers to a few micrometers. As with all materials, the structure of thin films is divided into 

amorphous and polycrystalline structures depending on the fabrication conditions and the 

properties of the material. A thin film consists of two regions: the layer where the thin film is 

deposited and the substrate [1], as shown in  Figure I.1 
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Figure I.1. Schematic of thin film deposited on a substrate. 

The “Substrate /coating” (Fig. I.2) system should achieve the followingcharacteristics: 

 High toughness, 

 Perfect adhesion to the substrate, 

 High resistance to the formation and progression of cracks, 

 Low thermal conductivity and diffusivity, 

 High resistance to oxidation, 

 Sufficientthickness, 

 A diffusion barrierfunction [2]. 

 

 

 

 

 

 

 

Figure I.2. Support (substrate)/thin film (coating) system. 
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Thin films are a large subset of surface engineering that is used to change the physical, 

chemical, and morphological properties of a chosen surface or substrate. A thin film can have 

a single homogenous composition, crystalline phase composition, and microstructure, or a 

multilayer or composite structure that is inhomogeneous. The multilayer structure might be 

regular, follow a pattern, or be completely random. Optical multilayer coatings, rugate filters, 

superlattices, and nanolaminates are examples of periodic structures. Random or periodic 

nanocomposites are possible. Figure 1.3 shows the progression of the dimensionality of thin 

films from zero dimensions (quantum dots) to three-dimensional (3D) film. 

The quantum dot is a 0 D quantum well with width and thickness between 1 and 3 nm. 

X. Shi et al. [3] developed a new 0D ternary nanocomposite–based strain sensor with 

heightened sensitivity in broad functional strain range, down hysteresis, good linearity, and 

long-term durability.  The 0D fullerene offering lubricity fabricated through one-step screen-

printing. 

The quantum wire is a 1D structure with arbitrary length and thickness between 1 and 

10 nm. Nanotubes fall into this category could find potential applications in tumor targeting, 

photocatalysis and metamaterials. S. Farsinezhad et al. [4] used the atomic layer deposition to 

produce TiN on to self-organized TiO2 nanotube arrays grown by electrochemical anodization 

with thikness of 10 nm. The core-shell TiO2−TiN nanotube arrays were found to demonstrate 

broad near-infrared extinction peaks that possibly will hit upon potential applications in tumor 

targeting, photocatalysis and metamaterials.  

Superlattices, quantum wells, and nanolaminates are 2D films consisting of hundreds to 

thousands of periodic compositions with the thickness of each layer in the range of 1–10 nm. 

The total thickness of this structure can be as large as 20 mm. P. M Martin et al. [5] were 

deposited AlN/Si3N4 optical Superlattice by D.C and R.F reactive magnetron sputtering 

thicknesses of 2 nm for abrasion protection of ZnS IR windows and exhibited a nanohardness 

of 35 GPa. 

The three-dimensional (3D) film is homogeneous in composition and crystalline 

structure, with thickness greater than 20 nm. M. D. Fleischaueret al. [6] fabricated 500 nm 

thick Si films deposited on a Si(100) wafer, using the physical vapor deposition, in order  to 

reduce the amount of substrate area device “footprint” for a provided capacity/volume of 

electrode material by shifting from al 2D to a three-dimensional 3D electrode. 

https://scholar.google.com/citations?user=nWRU-nEAAAAJ&hl=fr&oi=sra
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Figure I.3. Progression of the dimensionality of thin film structures [7]. 

I.3. Enhancing  surface resistance via coatings 

To improve the performance as well as the behavior of a surface, we are led to seek to 

modify either its surface hardness, surface energy, or its corrosion resistance. One of the 

fundamental techniques to attain this objective is coating. The choice of a type of coating 

must be made in such a way as to satisfy the conditions of service of the system and to best 

meet the technical requirements (resistance to friction, wear, corrosion, and properties specific 

to the system). Transition metals seem to offer a good alternative. The choice of the 

performance process is dictated by operating conditions (mainly cost and productivity) [8]. 

Effectively the economic factor is essential, and the gain generated by the coating in terms of 

the wear must be sufficient to justify its use compared to the uncoated part. In this sense, the 

physical vapor deposition (PVD) techniques have developed in a way significant, and they 

represent a strong potential for improving the tribological performance. 
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Figure I.4. Properties of the coating/substrate system, necessary for the determination of its 

performance in technological applications. 

The following are some surface features that play an important role in tribology. 

I.3.1. Surface hardness 

In metallurgy, hardness (H) is defined as the resistance to plastic deformation of a body. 

It characterizes the ability of a material (and therefore its surface) to resist penetration. It is 

generally measured by applying a force utilizing an indenter (harder than the material to be 

tested) to leave an imprint on the surface (see Fig. I.4). Hardness is determined from the depth 

or width of the indentation left by an indenter, two characteristic quantities of the surface of 

the indentation. The size of the imprint left is inversely proportional to the hardness. The 

standardized techniques differ according to the shape of the indenter and the method of 

measurement. For thin films, the hardness test is at the micrometric, even nanometric, scale.  

The general criterion for measuring the hardness of a coating, so that the influence of the 

substrate is negligible, is that the depth of penetration is not greater than 10% (Buckel's rule 

[9]) the thickness of the thin layer that is desired characterize. In our study, we chose to define 

a zone of depth of indentation between 7 and 9% of the thickness of the coating, to overcome 

the effect of the substrate and that of the asperity. A second mechanical property, the modulus 

of elasticity (E), essential to the analysis of the behavior of the coatings is systematically 

calculated at the outcome of the nanoindentation tests. 
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I.3.2. Adhesion  

The mechanical bonding of the coating to the substrate will vary according to the structure 

and the intrinsic mechanical properties of the film obtained [10, 11]. This is where the 

concept of film adhesion comes into play. While the contact resistance weakens, the coating is 

more subject to cracking when under stress. Adhesion is a major issue in PVD, and it is 

largely influenced by residual stresses: defects in the coatings and ion bombardment during 

deposition cause intrinsic stresses. As a result, adhesion may be affected by the coating's 

stress condition. In our study, a metallic layer of titanium has been deposited beforehand, as 

an underlayer, to ensure a mechanical gradient, and thus aims to reduce the localized stress at 

the interface substrate/coating. It is common to start the treatment with a first layer metal that 

promotes good adhesion to the substrate [9]. Trials of scratching, commonly called Scratch-

test, have been used to assess the adhesion of deposits made. 

I.4. Thin film applications 

Coatings are currently used in a wide range of applications, including optical coatings, 

energy-related electrical devices, instrument hard coatings, ornamental, and biological 

components, as we menshed in Table I.1: 
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Table I.1. Application field of metal thin films 

 

Thin films Application  field Examples 

 

 

Optically functiona [12] 

laser optics (reflective, semi-transmitting and 

transmitting),phase separation, telecommunication 

filters, architectural glazing,residential mirrors, 

automotive rear-view mirrors and headlamps, 

reflective andantireflection coatings, optically 

absorbing materials, lowcoatings, solar 

selectivecoatings, free-standing reflectors, transparent 

conductive films. 

 

 

 

Energy related [13] 

Thin films battery, fuel cell, solar cell, thermoelectric 

thin films, superlattice, electrochromic coatings, low-e 

coatings, solar absorbers, barrier coatings (oxygen and 

water permeation barriers), transparent solar cells, 

organic solar cells, photocatalytic coatings. 

 

 

 

Electrically functionl [14] 

Electrical conductors, electrical contacts, 

semiconductor films, active solid state devices, 

electrical insulators, photovoltaics, transparent 

electricalcontacts. 

 

 

 

Mechanically functional [15] 

Tribological coatings, lubrication films, 

nanocomposites, diffusion barriers, hard coatings for 

dies, and cutting tools, wear- and erosion-

resistantcoatings, biomedical coatings. 

 

 

 

 

 

Chemically functional [16] 

Corrosion-resistant coatings, catalytic coatings, 

biomedicalcoatings, photocatalytic coatings, thin film 

electrolytes, organic materials. 
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I.5. Hard coatings 

The use of hard coating techniques dates back to 1643, when Evangelista Torricelli used 

an upturned glass tube filled with mercury in vacuum to create his famous essay. Following 

that, in 1838, Michel Faraday established the deposition technique in the industrial 

applications for enhancing the qualities of cutting tools by depositioning TiN films for the 

first time in the United States [17]. Hard coatings are applied to tool substrates (such as 

cutting or forming tools) and machine components (such as gears and bearings) to increase 

desirable attributes including hardness, friction, wear, and corrosion resistance while 

preserving the bulk substance's properties. The goals are to extend their life, minimize 

lubricant use, boost productivity, and/or develop new material machining. As a result, hard 

coatings have become an important aspect of modern tool technology, and a lot of research 

has gone into finding better coating materials and novel deposition procedures. The wear 

resistance of coatings is determined by the contact between the cutting tool and the workpiece 

[18].  

The concept of hard thin films may be expanded beyond its typical tribological meaning 

to encompass the ability to resist harsh operating conditions such as high temperature, 

pressure, or radiation [19]. Optimal coating thickness, fine microstructure, and compressive 

residual stresses can all significantly improve the coating products. These ftures can 

essentially be attained exclusively through ceramic. In practice, the choice is limited to based 

transition metal are the only materials that can be consistently produced in a thin film pattern 

using CVD or PVD processes. 

I.5.1. Hard coatings classifications 

Hard coatings exist in a variety of forms, including complex and less complex 

compounds made of transition metal nitrides, carbides, oxides, and borides, carbon-based 

coatings, and so on. Hard coatings class consists of monolayer coatings with a simple 

structure to the complex coatings that have additionally subdivided into multi-component 

coatings, multi-phase coatings, composite coatings, multi-layer coatings, and gradient 

coatings multilayers (see Fig. I.5) [20].  
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Figure I.5. Hard coating classifications [20]. 

I.5.1.1. Single component coatings 

Single-component coatings are the most basic, most commercial PVD and CVD 

coatings, for example, are composed of a single layer of TiC, TiN, CrN, CrC, Al2O3, TiAlN, 

TiCN, DLC, W2C, MoS2, , soft metals, or polymers. An adhesion interlayer is sometimes 

applied before the used films to enhance the bonding strength with substrates. However, in 

some applications when a compound with low friction, good wear resistance, and extra 

functionalities is required, single-component coatings are ineffective, necessitating the 

application of coatings with complex structures [21]. 

 

 

Figure I.6. Hard coatings Design [20]. 
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I.5.1.2. Gradient coatings 

The functionally gradient coating concept is a natural progression of the multilayer 

principle for tailoring coating microstructure. High residual stresses at the interfaces might 

result from a distinct shift in mechanical, physical, and chemical characteristics between 

layers and the substrate, leading to crack development, and film detachment. As a result, a 

gradient transition between the substrate and the layers is provided. To improve the load-

carrying ability of low friction DLC coatings on low-cost steel substrates under a high normal 

load, for example, A.A. Voevodin et al. [22] produced  the functionally gradient metal-ceramic 

Ti-TiN-TiCN supporting interlayers, as shown in Figure I.7. Low friction coefficients in 

combination with low wear rate were obtained in ball-on-disk experiments against steel and 

cemented tungsten carbide balls. 

 

Figure I.7. Gradient multilayer coating with an upper DLC layer on a steel substrate: a) 

theoreticalconstitution of supporting interlayer, b) coating developed for sliding wear applications 

[22]. 

I.5.1.3. Multilayer coatings 

Multilayer coatings involve two types: several successive layers of many compositions 

(sandwich coatings), and regularly repetitive structure of lamellae of two or more materials. In 

sandwich structure, the interlayers can conquer the mismatch in mechanical or chemical 

properties between coatings and substrates, and enhanced the adhesion of the coating. For 

exemple: Z. Wan et al. [23] found that the dense Al2O3 interlayer acts as a great sealing layer 

that inhibits charge transfer, diffusion of corrosive substances, and dislocation motion; where 
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the addition of a dense atomic layer of Al2O3 interlayer led to a significant reduction in the 

average grain size and surface roughness and amazing improved corrosion resistance and 

corrosion durability of CrN coatings while maintaining their mechanical properties.   

 

Figure I.8. Improving the corrosion resistance of CrN hard coatings by inserting a Al2O3 layer through 

atomic layer deposition :a) pure CrN coating, b) CrN coating with Al2O3 layer [23]. 

In the periodically repeated structure, alternating layers can perform as crack-stoppers 

either by introducing layer boundaries to arrest cracks or fitting a tough medium through 

which spread is moderated [20]. Via magnetron sputtering M. Kot et al. [24] examined the 

influences of bilayer period of ceramic and carbon layers (TiN/a-C: H multilayer coating)   on 

the hardness, resistance to scratching, fracture, wear, and coefficient of friction, which were 

compared with the properties of both single TiN and a-C: H coatings. The results of 

mechanical and tribological tests showed very good properties of ceramic/carbon, and the 

multilayers bilayer with 32 nm in 32xTiN/a-C: H resulted in  better resistance to scratching. 

 

 

 

 

 

 

 

Figure I.9. TiN/a-C:H multilayers architecture [24]. 
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X. Xu et al. [25] used PVD technique to produce TiAlN/W2N multilayer coating, 

starting depositing TiAlN layers via multi-arc ion plating, while the W2N layers deposited 

with D.C magnetron sputtering on substrates of mirror-polished AISI 304L SS with  TiN 

interlayer that was firstly deposited by multi-arc ion plating for the improvement of the 

adhesion strength between the multilayer coating and the substrate. Multilayered coating with 

a modulation period of 373 nm presented the highest hardness of 1757 kgf·mm
-2

 and the 

lowest wear rate of 2.52×10
-6

mm
3
 (Nm)

-1
 among all samples. In addition, the TiAlN/W2N 

multilayer coating presented better tribological properties under high temperature. 

 

 

 

 

 

 

 

Figure I.10. Cross-sectional SEM images of as-deposited TiAlN/W2N multilayer coatings [25]. 

I.5.1.4. Nanostructure coatings 

Nanostructure coatings are nanocrystallized films with grain sizes in the nanometer 

range [21]. According to the well-known Hall–Petch relation, the yield strength, hardness, 

and toughness of polycrystalline materials are usually increased with reducing grain size, 

which is also proper for nanostructure coatings [21]. S. YChun et al. [26] investigated the 

effect of grain size on the hardness (H) and Young's modulus of TiN films, where H and 

Yong’s modulus was found to increase from about (18.7 to 21.4) GPa and from (26.1 to 

54.4)GPa and from (234.1 to 267.2) GPa then from (435.7 to 596.7) GPa respectively when 

grain size decreases from (13.4 to 10.9) nm then from (8.1 to 6.2) nm respectively.  
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Figure I.11. Surface morphology of the TiN nanostructure coating [27]. 

I.5.1.5. Nanocomposite hard coatings 

Nanocomposite coatings are a new class of materials that are comprised up of at least 

two phases: a nanocrystalline phase as well as an amorphous phase, or two nanocrystalline 

phases. Nanocomposite materials provide improved properties than traditional materials 

because their grain sizes are smaller (D = 10 nm). The main aspect of nanocomposite coatings 

is their enhanced hardness; a nanocomposite coating can have a hardness that is more than 

two times that of its harder component. Dislocation-induced plastic deformation, material 

nanostructure, and cohesive forces between atoms of adjacent grains are the major causes of 

increased hardness. The nanocomposite coatings may be divided into three classes based on 

their hardness ratings [19, 20]:  

C1: The hard coatings with hardness of about 40 GPa; for exemple Ti0.49Al0.44Zr0.07N, 

single-phase cubic exhibited a  hardness value of about 35 GPa [28]. 

C2: The superhard coatings with H ranged etween 40 and 80 GPa; in 1998, M. L Wu et 

al. [29] succeeded  in producing  TiB2 coatings and CNx/ZrN multilayers, respectively, 

utilizing Single- and dual-cathode DC magnetron sputtering, CNx/ZrN multilayers  achieved  

hardness passing40 GPa, where TiB2 coatings accomplish hardness surrounding 50 GPa, also 

ZrYN nanocomposite films produced by J. Musil et al. [30] showed hardness value  up to 47 

GPa. 

https://scholar.google.com/citations?user=dwJckDwAAAAJ&hl=fr&oi=sra
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C3: The ultrahard coatings with hardness up than 80 GPa; the hardness of about 105 

GPawas reported for the nc-TN/a- and nc-TiSi nanocomposites coating fabricated by S. 

Vepřiek et al. [31]. 

 

Figure I.12. The cross-sectional view SEM pictures of the nanocomposites (Ti,Zr)N films [32]. 

I.5.1.6. Nano layer hard coating  

The great number of interfaces between layers in nanolayer coating increase hardness 

and strength. TiN/TiAlNnanolayer coatings were deposited on 100C6 steel (AISI 52100) 

substrates applying a commercial unbalanced magnetron sputtering system by K. Khlifi et al. 

[33] compared to the TiN single-layer thin films, the grain sizes are finer in the 

TiN/TiAlNnanolayer thin film, with high values of hardness and elastic modulus of about 55, 

and 450 GPa, respectively, with better adhesion on the substrate. The improvement of 

mechanical properties of TiN/TiAlN nanolayer coating could be attributed to a small grain-

sized microstructure explained by Hall Petcheffect. 

 

Figure I.13. EDS analysis of ZrN/Cr Nnano-multilayers [34]. 

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=S.%20Vep%C5%99iek&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=S.%20Vep%C5%99iek&eventCode=SE-AU
https://scholar.google.com/citations?user=gwakRDwAAAAJ&hl=fr&oi=sra
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I.5.1.6. Superlattice 

Superlattice coatings are regularly repetitive multilayer coatings with a thickness of 

singular layers in the range of 5~50 nm. Some researchers found that the superlattice coatings 

especially TiN-based superlattice coatings (such as TiN/WN, TiN/CrN, TiN/TaN, TiN/MoN, 

and TiN/AlN), can improve hardness, toughness, and thermal stability in comparison to single 

layers [21].  X.T. Zenget et al. [35] deposited TiN/NbN superlattice hard coatings on high-

speed steel substrates using unbalanced magnetron sputtering. The coatings exhibited a high 

toughness, a great elasticity, a super hardness (48 GPa), and an optimized superlattice 

wavelength of about 7 nm.  

 

Figure I.14. Superlattice structures TiN/ NbN [36]. 

I.5.2. Hard coating materials categories 

Hard coatings such as nitrides, diamond, and cBN are being employed in a variety of 

industrial applications. Over the last 30 years, several different types of coatings have been 

produced, ranging from metal nitrides like TiN, TiAlN, or CrN to carbon-based films. Hard 

coatings can be applied to a variety of alloy materials as well as all major stainless steel 

variants, including austenitic, ferritic, martensitic, precipitation-hardening, duplex, and super 

duplex. Increased corrosion or erosion resistance, as well as heat protection, are all difficult 

settings for hard coatings. Depending on the chemical bonding nature of the compounds, hard 

coating materials can be divided into three categories, with all the compounds standing out for 

their high hardness andelevated melting points [37]. 

The first group contains ionic hard oxides (ceramic) of Al, Zr, Ti, Be, Si, and others, 

which have a lower modulus of elasticity and are particularly ideal for surfaces due to their 

excellent stability and low inter-action tendency [37]. 

https://scholar.google.com/citations?user=IkYmJwkAAAAJ&hl=fr&oi=sra
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Next are the covalent hard materials exemplified by the borides, carbides, and nitrides 

of Al, Si, and B, as well as diamond materials such as diamond, c-BN, SiC, Si3 N4 are 

predominantly covalently bonded with attractive characteristics such as high hardness, high 

E-modulus, and high chemical stability. The adhesion of covalent thin films on metallic 

substrates is poor so that high compressive stresses lead to early delamination of the films if 

the system is used for machining. At typical PVD deposition parameter (T<400°C)  most 

covalent components are deposited in an amorphous state; growth behaviour can be 

influenced by the deposition parameters (temperature, bias voltage, reactive gas flowgrowth 

rate) as well as the amount of interfaces and surface for the nucleation of the film [38].  

Finally, the metallic hard compounds of the transition metal borides, carbides, and nitrides. 

From covalent to metallic and ionic hard materials, the linear thermal expansion coefficient 

increases.  

In this chapter, we discussed the properties of transition metal nitrides, carbides, borides, and 

oxides Table I.2. 

 
 

 

 

 

Table I.2.Some properties of binary transition metal thin films (TM). 
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System Conditions 
Preferred 

orientation 

Hardness 
(GPa) 

Young’s 

Modulus 

(GPa) 

 Ra (nm) 

 

COF Technique Ref. 

  

 

 

 

 

 

 

TMN 

 

 

TiN 

Ar/N2 1:1 

 

 (111) - - 7.9  0.12 DC magnetronsputtering [39] 

Ar+ N  
6 cm3 /min 

- up to 30 up to 300 1.3 - DC reactive sputtering of a hot target [39] 

20 min bias -90 V  (200) 19.06 134.78 0.413  - DC reactivemagnetronsputtering [40] 

 

 

ZrN 

0.7 Pa (111) 16.022   - 11.20  
                       
- 

RF magnetron  
sputtering in 

[41] 

50 V 

 

(111) 23.5 -  - 
DC magnetron  

sputtering system 
[42] 

N2parcielpressur1× 
10−4 and 10× 10−4 Torr 

(320) 

25 to 27  

 

360 and 
280 at 1× 

10−4 and 

10× 

10−4Torr 

29 0.7 DC reactivemagnetronsputtering 

[43] 

 

 

CrN 

300 °C and 290 V (200) 21.2 - - 

4.97 

 

pulsed DC reactive magnetron 

sputtering 
[44] 

N2flow rates 2–25 

sccm substrate T° 

303–973 K 

(100) 12 ± 1.81 
250 ± 
51.28 

2 0.16 pulsed DC magnetronsputtering [45] 

Substrate bias 0 -628 

V 
(110) 21 GPa - 

 

2.39 

- pulsed DC magnetronsputtering [46] 

  
 

TMO 

 

 
 

TiO 

 

DC power (350W) 
Substrate T° (120 °C) 

 

(101) 

 
3.426  - 

- 

 

Magnetronsputtering 

(PVDMS) 
[47] 

TiO2 deposited on 
amorphous 

SiO2with magnetron 

sputtering processes 

(101) 4.8 - - - Conventionalmagnetronsputtering 
[48] 

 

TiO2deposited on Si 

substrates with 

modulated plasma 
magnetron 

sputtering  

(110) 16.1 - - - plasma modulatedmagnetronsputtering 

[48] 

 
 

ZrO 

O2flow rate 7.0–20.0 

cm3 min−1 
P(Ar) 0.30–1.0 Pa  

P(O2) 0.04–0.15 Pa 

(200) 17.8 220 2.9 
- 
 

D.C. reactive magnetron sputtering [49] 

CrO 

O2flow rate 2.0 - 3.2 

sccm with 0.3 sccm 
increments 

(300) 11–21  -  reactivemagnetronsputtering [50] 

 

 

 

TMB 

TiBx 
Bias −120 V and −50 

V 
(002) 35.7 401.3 

0.0158 

µ m 

- 

 

unbalanced magnetron  sputtering 

(PVD) 
[51] 

ZrB2 

 

deposition times were 

5 min and 15 min 
(001)   45 350-400 - - DCmagnetronsputtering [52] 

CrB2 DefferentB/Cr ratios (101) 25 - - 0.52–0.78  non-reactive DC-magnetron sputtering [53] 

 

 

 

TMC 

TiC 
substrate bias −20 to 
−200 V 

(111) 28.8  302.5 - - E303A magnetronsputtering [54] 

ZrC Ts 25 – 290°C 
(111) 

 
30. 2 - - - DCmagnetronsputtering [55] 

CrC 
as a function of the a-

C:H phase content 
(200) 13 - - 

 

0.13 

DC magnetron  

sputtering 
[56] 



Chapter I.                                                                                                     State of the art 

 

 23 

I.6. Transition metal nitrides (TMN) thin films 

Transition metal nitrides have attracted a lot of attention in the last decade, since of their 

fascinating and useful refractory properties; nitrides of various elements play a major role in 

industry, research, and technology. Because of their extreme hardness, wear and corrosion 

resistance, and thermal and electrical properties, numerous transition metal nitrides based on 

titanium, boron, and nitrogen have attracted commercial interest (Table I.3). The associated 

structures, as well as the high covalency of the transition metal-nitride bonds, increase all of 

these characteristics. Coatings of these materials are extensively implemented in industry to 

protect cutting tools or engine components [57]. TMN could be deposited by both PVD and 

CVD depositions methodes. Most transition metal nitrides (TMN) crystalize in the NaCl 

cubic structure, which consists of two interpenetrated metals and nitrogen. The (metal) atom 

is octahedrally adjusted to 6 nearest neighbor metal [58]. 

Table I.3. Nitride formation in transition metal series[57]. 

III IV V VI VII VIII 

ScN TiN VN CrN Mn4N FeN    Co2N    Ni3N 

YN ZrN NbN MoN TcN x            x           x 

LaN HfN TaN WN Re2N x            xx 

  Ta2N    

High interest was given to transition metal nitride owing to numerous researches 

available. 

The binary transition metal nitrides as ScN, TiN, VN, YN, ZrN, NbN, LaN, HfN, TaN 

and AlN [59] were vastly studied; in earlier H.A. Jehn, et al. [60] realized a compression 

between three transition metal nitride thin films ZrNx,NbNx, MoNx deposited by reactive dc 

magnetron sputtering.ZrN was found in the cubic nitride forms even for the lower nitrogen 

concentration, with hardness value in the range of 2000-2250 HV. Niobium exhibits the 

subnitride Nb2N for lower N2 pressures and the cubic nitride NbN for higher N2 pressures, but 

NbNX shows the lowest hardness 1200-1400 HV. Finally, molybdenum sputtering yields a 

metastable MoN solid solution with Mo2N for lower and higher N2 pressures respectively, 

with hardnesses between 1550 and 1900 HV. 
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L. Aissani et al. [61] reported that CrN thin films reactively magnetron sputtered at 650 

Won XC100 steel substrates exhibited NaCl cubic structure, hardness of 19.53 GPa, and a 

friction coefficient of 0.55. Extremely oriented and dense columnar VN coatings with 

elevated harness value (25–30)GPa, and very low wear rates (5×10
−17

 m
3
/N m) were obtained 

by F. Ge et al. [62]. 

In order to enhance the binary components proprieties, ternary transition metal nitrides 

were designed, and from earlier investigations, it was so clear that the ternary systems offered 

great enhancements in mechanical and tribological properties like low friction and high wear 

resistance that are the main characteristics of hard coatings continually employed for the 

protection of tool surfaces, as examples for ternary transition metal nitrides in literatures we 

site TixMe1-xN, TaxMe1-xN (Me = Ti, Zr, Hf, Nb, Ta, Mo, W) [63], CrFeN [64], CrVN [61], 

LiMN (M = Co, Ni, Cu), SrTiN2, SrZrN, SrHfN, BaZrN, and BaHfN [65], etc... 

L. Aissani et al. [66] deposited Cr–Zr–N thin films utilizing R.F reactive magnetron 

sputtering technique on Si (100) wafer and XC100 steel substrate without heating. The films 

comprised a (Cr, Zr) N solid solution where Zr atoms replace Cr atoms. CrN lattice parameter 

rose from 4.17 to 4.32 Å with crystallite size refinement. The mechanical parameters 

(H, σ, E, H/E, and H
3
/E

2
) were greatly enhanced in comparison to binary films, specifically at 

29 at. % Zr. The friction and wear behavior of the CrZr (29 at.% Zr)–N coating also 

demonstrated a notable improvement. Q. Yang et al. [67] deposited TiAlN on Ti6Al4V 

substrate by reactive magnetron sputtering, the produced coatings with different Al content 

illustrated significant enhancement in erosion performance with the best erosion resistance 

several times higher than TiN coating. The outstanding erosion performance results from a 

good combination of increased hardness and toughness. 

I.6.1. Titanium nitride 

 Titanium (Ti) 

Titanium is one of the most prevalent metals in the Earth's crust. It was discovered by 

English chemist William Gregor in 1791, but it was only in 1910 that American chemist M. A. 

Hunter produced the first pure titanium. Titanium is a lustrous transition metal with a silvery 

grey color, low density, and high strengthand, light metal of high melting point and excellent 

corrosion resistance positioned in forth group, located after Scandium with the atomic number 
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22. In the nature, titanium is found in the composition of minerals such as CaTiSiO5titanite 

and rutile TiO2 characterizd by:  

 Water insoluble, while soluble in concentrated acids, 

 Titanium metal burns at high temperatures in the air and also in pure nitrogen, 

 Excellent corrosion resistance, 

 Pure titanium is a light, silvery-gray, solid, bright metal with a high strength-to-

weight ratio. 

 

Titanium is wedliy used in several applications: 

 Industry (Chemical, Electrical, Electronic), 

 A fundamental of the medical field (Titanium surgical instruments, Hip and knee 

joints, Wheelchairs, Dental implants, 

 Titanium alloys are used in the Aerospace and war industries. 

 

Figure I.15.a) Titanium in minerals stones [68], b) pure titanium [69]. 

 

Titanium alloys can maintain the α-Ti hexagonal-close-packed (hcp) crystal structure 

and the β-Ti which is called body-centered cubic (bcc) structureat room temperature. 

At 882 °C, pure titanium undegroes an allotrope phase transition, from a body-centered cubic 

(bcc) crystal structure (β phase) to a hexagonal close-packed (hcp) crystal structure (α) at a 

low temperature. The transition temperature relies on the titanium purity, which is influenced 

by alternating and interstitial elements. The room temperature values of the lattice parameters 

a = 0.295 nm, c = 0.468 nm, since the ideal ratio of the hexagonal-packed crystal structure is 

superior to that of pure alpha titanium 1.633 > 1.587.  
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Figure I.16.Crystal structure and properties of: a) α-titanium, and b) β-titanium [70]. 

 Titanium nitrides 

Titanium nitride (TiN) is a rock-salt structure (NaCl-structure) compound made up of 

titanium atoms in a face-centered cubic (fcc) based lattice with nitrogen atoms filling all 

octahedral positions. Ti-N coatings have been used in a wide range of applications due to their 

unique properties, such as high chemical stability, high hardness, excellent wear and 

corrosion resistance, high melting temperatures, and chemical inertness, not only as hard 

coatings in industrial applications, but also as decorative coatings, wear-resistant coatings, 

diffusion barriers in the microelectronics industry, and in biomedical applications [71]. 

Titanium nitride has two known intermediate phases ε-𝑇𝑖2𝑁 and 𝛿-𝑇i2N formed at 

approximately 900 °C, The ε-𝑻𝒊𝟐𝑁 phase crystallizes in an "anti-rutile'' structure consists of a 

bcc-Ti lattice, as N atoms do not occupy all of the octahedral sites, but they occupy half of 
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theoctahedral sites, as opposed to (TiN). (TiN occupies all of the sites octahedral). The unit 

cell is tetragonal, with (a = 4.945 Å) (c = 3.034 Å) [72, 73]. 

The 𝛅−𝐓𝐢𝟐𝐍 phase, an unoccupied ordered form of the rock salt structure with few tetragonal 

deformations has output symmetry 141/amd and nitrogen breaking of ~38 𝑎𝑡.%. adding N to 

Ti cause it to transition from the hcp α-Ti phase to the bcc ε−𝑇𝑖2𝑁 phase and at the end to     

fcc-δ-𝑇𝑖2𝑁 and δ-TiN phases, as expected by the Engel-Brewer theory, The number of 

valence electrons increases with increasing N fraction. It has been indicated that Ti2N phases 

have a bright yellow color, in contrast to the golden yellow color of TiN [73]. 

 

 

Figure I.17. Illustration of lattice structure of: a) TiN,  and b) Ti2N [74]. 
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Table I.4. Characteristics of titanium and the both phaases of titanium nitride [72, 75, 76]. 

 

 

I.6.1.1.Equilibrium phase diagram of TiN binary system 

The equilibrium phase diagram of Ti-N binary system (Fig. I.18) demonstratesthat if some 

nitrogen is dissolved in titanium, the Ti(α) can be stable up to the melting point, which 

subsequently elevated to around 2350 
o
C and the maximum N containing is attained at 

approximately 25 at.%. When more nitrogen is added to the binary systemanε-phase occurs 

until the content of N increases to 33.7 at. % and the stoichiometric formula Ti2N is created, 

which has a tetragonal structure. Adding additional nitrogen to the system, a δ-phase appears 

which has a Tiriched composition (TiNx, x≤1) with a NaCl type structure. In conventional 

TiN films, titanium nitride crystallizes mainly in the B1 NaCl structure comprising nitrogen in 

Caracteristiques and  proprietes Ti TiN Ti2N 

Cristalline Structure and  

machparameter(nm) 

 

Lattice constants of α-Ti at 

room temperature, nmc=0.4679 

a=0.2951 

0.3306 

cfcNaCl type 

a =  0.4144,  

c = 0.8781 

tetragonal structure  

a =  0.4144, 

c = 0.8781 

Spatial Groupe  p6/mmc α-Ti 

Im3m  β-Ti 

Fm3mFm3m P42 /mnm  

Composition  - TiN0.6 à TiN1.1 33 %N2 

Molare Masse (g/mol)  47.867  64.95  

Atomicradus 0.145 - - 

BindingenergyEo (eV)  13.24 Formation Energy / Atom 

-1.446  

Elasticmodulus (GPa) 116 505 344 

Poisson's Ratio 0.3 0.235 0.277 

Yong’s modulus 105 466 287 

Hardness (GPa) 700~2700 MPa 22.55 11.87 

Electricalresistivity  (μΩ•cm)  20 ± 10  

Superconductivity transition temperature (K) 5.6  

OxidationresistanceSlightoxidation starts from 800 ° C in 

air 
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the range (33.7-50) at. % (Fig. I.18) and also contains mixture of Ti2N and Ti phases in some 

cases. Figure I.17 illustrates the lattice structure of a NaCl type TiN crystal, with Ti atoms 

forming the center of the fcc lattice and N atoms representing the point of the fcc lattice. (1/2, 

0, 0) [73, 74]. 

 

 

 

 
 

 

 

 

 

 

 

 

Figure I.18. Equilibrium phase diagram of Ti-N binary system, where the stoichiometric 

formulas of ε and δ phases are Ti2N and TiNx (x≤1) [74]. 

I.6.1.2. Applications of tianium nitride  

The application of titanium nitride is very wide due to its physical properties with high 

melting point, good chemical durability, and good conductivity compared to other materials,  

biocompatibility, and as well as excellent complementary metal-oxidesemiconductor 

(CMOS). Therefore, TiNcoating suitable for biomedical applications, CMOS-integrated 

devices, energy harvesting, optical devices, and as a protective coating in high temperature 

environments for applications as supersonic aircraft, and challenging mechanical applications 

such as grinding tool coating [20, 71].  

I.6.1.3. Effects of deposition condition on the TiN proprieties 

The structural physical and tribological properties of the sputter-deposited films were 

found to have strong correlations with the deposition parameters, in this part, we’ll illustrate 

the effect of such parameter on the proprieties of the produced titanium nitride coatings.  
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 Gas pressure   

  Concerning gas pressure, considerable investigations in the literature demonstrated its 

significant effect on the structural, morphological, physical, mechanical, and tribological 

proprieties on the obtained titanium nitride thin films: E. Ajenifujaet al. [77] deposited 

titanium nitride thin films on microscope glass using D.C reactive magnetron sputtering 

process in a 99.998% reactive nitrogen atmosphere, applying low (0.80 Pa), intermediate 

(3.40-5.33 Pa), and high (11.33 Pa) sputtering pressures,withkeeping the power constant at 

200 W. The varying in the sputtering pressure was done to examine its effect on the as-

deposited coating. It has been found that the lower sputtering pressure (0.80 Pa) prefers the 

appearance of oxygen-rich TiNx (Ti-Nx-Oy) films as noticeable from their color; where the 

dark blue colored oxygen-rich TiNx (TiNxOy) dense films were observed, while high 

sputtering pressure (3.40-11.33 Pa) enhances the formation of typical reflective golden yellow 

amorphous titanium nitride on glass at deposition time of 10 min. 

In this case, we can conclude that the sputtering pressure has astrongimpact on the 

compositional characteristics and structural appearance of the films as experiential from their 

color. S. Zhang et al. [78] prepared TiN thin films on copper alloy (TL084) and Si(100) 

substrates by a closed field unbalanced magnetron sputtering system, using a high-purity 

(99.99%) titanium target with the dimension of 300×100×8 mm, in the process chamber with 

less than 150 °C. The whole sputtering gas flow is 16 sccm, which maintains the deposition 

pressure at 0.5 Pa. The various sputtering gas with the volume ratio of argon to nitrogen of 

1:3, 1:2 and 1:1 is applied. Results showed that the rising in argon concentration in the gas 

mixture favors the growth of TiN nanocrystalline and decreases their surface roughness, 

friction coefficient, and wear rate. TiN films have a (200) preferred orientation at low argon 

flow rate, while the (111) preferred orientation dominates at high argon flow rate. TiN thin 

films fabricated with the ratio of argon to nitrogen of 1:1 has the most excellent tribological 

properties, which are the best sputtering condition as an ideal functional coating for 

synchronizer ring. 

 Nitrogen content  

Generally, TMNs are synthesized by both physical and chemical methods utilizing the 

different N sources in the nitriding process, such as hydrazine, dicyanamide, urea, ammonia, 

and N2. Magnetron sputtering technique uses the N2 nitrogen gas as a source of nitrogene.    

https://www.sciencedirect.com/topics/chemistry/nitride
https://www.sciencedirect.com/topics/chemistry/hydrazine
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The insertion of nitrogen atoms (Since the size of the nitrogen atom is small (0.065 nm)) into 

the titanium lattice during deposition could be favour great changes in its structure, and 

allows the production of structures with desired nitrogen ratio from the stochiometric 

structure(x = N/TM) TMNx=1 to the overstoichiometric coatings TMNx>1 up to 

TMNx=2 ,where the stoichiometry strongly influences the produced coatings properties [79]. 

RD. Arnell et al. [80] deposited with unbalanced magnetron sputtering on hard tool steel 

substrates TiNx layers with different nitrogen content. The film microhardness was found to 

have a maximum at (x ≈ 0.9). For this value of (x), a maximum content of netrogen and the 

highest lattice distortion (especially for the (200) plane) was observed. The micro hardness, as 

well as intrinsic stress, developed due to lattice imperfections, and demonstrated a correlation 

to the chemical bonding between the film components. 

By varying nitrogen flow rate between 0.25 and 1.75 sccm, J.H. Hung et al. [81] 

prepared nanocrystalline TiN thin films on Si(100) wafers using an unbalanced magnetron 

(UBM) sputtering system. The images of transmission electron microscopy (TEM), scanning 

electron microscopy (SEM) and atomic force microscopy (AFM) also presented a nanometer-

size grain structure of the TiN thin filmswith a grain size less than 7 nm. The N/Ti ratio 

increased (N/Ti=0.4–1.1) while the deposition rate lowered with raising the nitrogen flow 

rate. The preferred orientation varied from (111) to (200), then back to (111) as the nitrogen 

flow rate increased. There was no important difference in the film hardness with nitrogen 

flow rate or preferred orientation. The highest film hardness was ranging from 23.4 to 27.6 

GPa, even for the film thickness down to 140 nm. L. Lu et al. [82] varied the nitrogen flow 

rate from (1, 2, 4, to 20 sccm)  to deposition of TiNx films on glass substrates by D.C reactive 

magnetron sputtering technique. TiN phase with a faced-centered cubic crystal structure was 

developed at 1, 2, and 4 sccm as indicated by XRD patterns. As the nitrogene flow rate rose 

from 1 to 4 sccm, the preferred orientation of the films altered from (111) to (200) plane. 

Upon further increased to 20 sccm, the XRD peaks were almost indiscernible. The analysis of 

XPS indicated that the TiNx films, titanium oxynitride, and TiO2 phase formed in the films. 

With increasing nitrogen flow rates the N/Ti stoichiometry ratio improved from 0.69 to 0.98. 

In our previous work [83], we deposited the TiN coatings by magnetron sputtering using Ti 

target at various nitrogen content to investigate the influence of the nitrogen content on the 

mechanical characteristics and tribological performances of the TiN coatings were 

systematically examined usingnanoindentation and a bille-on-disk tribometer. 

Nanoindentation results confirm that the hardness and Young's modulus of the TiN coatings 

https://scholar.google.com/citations?user=w0-KmbMAAAAJ&hl=fr&oi=sra
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improve with increasing N content in the coatings. Wear test results indicate that the wear rate 

and friction coefficient of the XC100 steel substrate was significantly reduced by deposition 

of the TiN coatings and the tribological behaviors of the TiN coatings are strongly dependent 

on the nitrogen content in the coatings.  

 Film thickness  

It was demonstrated from experiments that film thiknessas significance a changes in the 

preferred orientation, grain size, grain boundary density, residual stress, that  have a direct  

corolation with mechanical and tribological proprieties of titanium nitride thin films. JH. 

Huang et al. [84] deposited nanocrystalline TiN thin films on AISID2 steel substrates 

working unbalanced magnetron (UBM) sputtering method. The results showed that (111) was 

the principal preferred orientation in the TiN films. The roughness and grain size of the TiN 

films were only slightly reliant on the film thickness. The nanohardness of the films, ranging 

from 21–26 GPa, did not show a notable relationship with film thickness. All specimens 

comprised compressive residual stresses and reduced with growing TiN film thickness. An 

essential interlayer thickness, between 130 and 180 nm in the films with Ti interlayer, and in 

this case the residual stress in the TiN films could be substantially relieved. 

To explain the influence of thickness on film properties, H. Liang et al. [85] prepared 

titanium nitride (TiN) thin films with direct current (D.C) reactive magnetron sputtering using 

a pure Ti target in an N2 and Ar mixed atmosphere at 350 °C on Si (100) substrates. Results 

indicated that all the films were stoichiometric. In the initial stage, surface roughness 

decreased with increasing thickness related to the presence of particles diffusion and 

smoothing the underlying Si substrates. In the later growth process, the film surface was 

roughening with raising thickness due to the shadowing effect and change of surface 

morphologies with diverse orientations. Furthermore, film grain sizes and density 

monotonically increased with increasing film thickness, and preferred orientation also 

changed as a function of thickness. V. I. Shapovalov et al. [39] found that the titanium nitride 

films with the highest hardness (up to 30 GPa) and Young’s modulus (up to 300 GPa) have 

the largest grains that was obtained at low nitrogen flow rate and at high discharge current 

density. 



Chapter I.                                                                                                     State of the art 

 

 33 

 Substrate temperature  

The substrate types could influence the adhesion between the thin deposited films and 

the substrate, but varying substrate temperature Ts demonstrated further powerful influence 

on the film’s microstructural characteristics such as density, grain size, and orientation.P. 

Patsalas et al. [86] deposited TiNx films on n-type-Si(001) using D.C reactive magnetron 

sputtering with deferent substrate temperatures (Ts) to understand its impact on the 

mechanical properties and the microstructure of the TiNx films. It was found that the 

deposition at high Ts facilitates the growth of (002) oriented films with a density proximate to 

the bulk density of stoichiometric TiN, indicating the lack of voids and the growth of 

stoichiometric TiN. Both mechanical and microstructural properties of the film revealed a 

clear relationship between them. The denser and stoichiometric films grown along with the 

(002) exhibited the best mechanical performance. Films deposited with Vb= −100 V at Td 

=400°C exhibit H=24 GPa, and E=320 GPa, respectively. R. Bavadiet al. [87] have studied 

the physical properties of titanium nitride thin film prepared by reactive D.C magnetron 

sputtering technique at different substrate temperature (300°C - 500 °C), respectively. AFM 

images show the creation of nanostructure thin films with increasing of surface roughness at 

high substrate temperature. 

B. Subramanian et al. [88] prepared TiN thin films on mild steel (MS) by (PVD) 

method namely direct current reactive magnetron sputtering. A remarkable decrease in (111) 

plane peak intensity was detected for increased substrate temperature, whereas the intensity of 

the (200) plane showed an increasing trend. This means that the crystallographic orientation 

of the film changes from the presence of (111) to both (111) and (200) with the increase of 

Ts. Comparatively, one can observe that the sample prepared at Ts = 400°C shows good 

crystalline nature as observed from (111), (200), and (222) planes. It demonstrates the 

textured growth of the film with various planes to enhance its strength. The structural 

parameters calculated for both (111), and (200) planes were compared and both behave close 

to one another. The lattice parameter of the TiN sample prepared at 200 °C (Ts) was 

calculated to be 4.27 Å. When Ts increases the lattice parameter decreases, in accordance 

with the decrease of crystallographic volume.While increasing the Ts, grain size decreased, 

whereas strain and dislocation density were found to increase. The larger grain size of the film 

grown at 200 °C is also an evidence of its high compaction (decreasing the grain boundaries) 

confirmed by the highest intensity of the diffraction peak at this temperature. The grain size 

curve is highly influenced by the substrate temperature. At higher temperatures, desorption 
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process appears, because the adsorption energy is greater than the surface energy and the 

adatoms are desorbed leading to the reduction in grain size. Ş. Ţǎlu et al. [71] studied the 

influence of temperature on the 3-D surface morphology of titanium nitride (TiN) thin films 

synthesized by D.C reactive magnetron sputtering  on a p-type silicon (100). The reactive 

sputter gas was a mixture of argon (99.999 %) and nitrogen (99.999 %) with the ratio Ar (97 

%) and N2 (3 %) by volume. In the vacuum chamber, the substrate was heated, then its 

temperature determined with a thermocouple. The deposition process was performed in 3 

stages at different substrate temperatures (473 K, 573 K, 673 K, 773 K), respectively, and the 

deposition time for all samples was 120 min. Quantitative results of morphological 

transformations in the TiN thin films   induced by substrate temperature variations. 

I.6.2. Zirconium nitride  

 Zirconium  

Zirconium was discovered by Martin Klaproth in 1789. 

But Jons Berzelius was the first to isolate it as a pure metal in 1824. It was only available in 

commercial amounts when the procedure for decomposing iodide was developed in 1925, and 

then in larger quantities after Kroll developed the reduction technique in 1947. Zirconium is a 

chemical element with the symbol Zr of a metallic appearance, and atomic weight of 

91.22belongs to column IV-B of the periodic Table, with titanium and hafnium forms the 

second column transition components. Pure zirconium is soft, malleable, andductile, but even 

a percentage-point of impurities makes it hard and fragile. Although zirconium is the 18
th 

most plentiful element in the Earth's crust, it is not widely dispersed.  It is mainly acquired 

from two minerals: baddeleyite (ZrO2) and zircon (ZrSiO4 or ZrOSiO2), with a colored gem 

that can be red, brown, yellow, green, or gray and can be transparent or opaque. Cubic 

zirconia crystals can grow to reach an inch in diameter or greater, notably in deposits from 

Canada and Australia. The United States, Australia, and Brazil are the primary sources of 

zirconium minerals, while considerable amounts may also be found in India, Malaysia, and 

Russia [89]. Because zirconium offers good corrosion-resistant properties against a wide 

range of substances, including saltwater, acids, and alkalis, it is frequently employed in the 

chemical industry. At low temperatures, zirconium is also a superconductor and may be 

utilized to generate superconductive magnets. Zirconium can be utilized as a medical implant 

material because of its features, which include being an extremely hard element similar to 

titanium [90]. 
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Figure I.19.a) Zirconium stone [91], b) Zirconium metal 99.8%of purity [92]. 

Zirconium has a temperature-induced polymorphism as well as another pressure 

induced. Zirconium is present in two structures allotropic: At atmospheric pressure and room 

temperature (25 °C), the Zirconium has the hexagonal compact structure α-zirconium.          

At atmospheric pressure and elevated temperatures exceeding 856 °C, the β-zirconium phase 

develops with a cubic centered (cc) structure, but also β-zirconium phase can exist at ambient 

temperature if the pressure is greater than 30 GPa.  

At room temperature wit high pressures (between 2 and 8 GPa), zirconium forms new 

phase, known as omega zirconium (ω-Zr) which requires a hexagonal structure, with three 

atoms in the lattice (Table I.5). Furthermore, new study shows that the (ω ↔ β) transition can 

develop at extremely high pressure (30 - 60 GPa). According to numerousresearchers, the α 

↔ ωtransformation illustred a significant hysteresis and the phase ω, which has a superior 

density compared to α-Zr, can remain as a metastable phase at ambient conditions (persists 

after release pressure). It has been observed that the application of significant higher pressures 

phase ωdevelops phase ω ’of centered cubic structure [93].  

Table I.5. Allotropic forms of zirconium at atmospheric pressure (Variable: pressure) [93]. 

 

 

 

 

 

 

Phase Pressure regime(GPa) Crystalline structure 

Alpha (𝜶) Until 2 Compact hexagonal (hc) 

Omega (𝝎) 2-30 Hexagonal (h) 

Omega (𝝎′) >30 Centered Cubic (cc) 
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Table I. 6. Allotropic forms of zirconium at room temperature (Variable: temperature) [93]. 

 

 

 

 

 

Table I.7. Crystal structures and lattice parameters of the allotropic forms of zirconium [93]. 

 

 

 

 

 

 

 Zirconium nitrides (ZrN) 

Zirconium nitride is one of the important coatings today whether in hard and protective 

coating on mechanical tools as wear protective coatings, (such as cutting instruments, molds, 

dies), or abrasion and corrosion-resistant layers in aerospace, automotive, decorative coatings 

(that are used for scratch resistance and coloring in the jewelry industry) [94], diffusion 

barrier in the microelectronic industry or even in biomedical application [95]. ZrN possess 

excellent properties [96], where exhibits high hardness (~15 GPa), high melting point (2980 ± 

50 °C), good thermal conductivity, low electrical resistivity, good abrasive resistance, and 

good corrosion resistance [97]. Magnetron sputtered ZrNthin films have a high deposition 

rate, uniform formation of film, low-temperature rises of substrate, and good bonding 

between the thin film and  substrate, small damage to the film layer [41], and can change 

chemical compositions to obtain several structures of the deposited film such as ZrN, Zr2N, 

Zr3N4, [98] and ZrN2.  

Phase Temperatureregime°C Enthalpy of  

transformation KJ/mol 

Crystalline structure  

Alpha 

(𝜶) 

Until 866  

4.103 

compact Hexagonal (hc) 

Beta (𝜷) 866-1855 Cubic centered (cc) 

 

phase 

Structure Meshparameter 

(laticeparameter) 

 

 

Axial ratio Cristalline structure Group of species 

𝜶 Compacte hexagonal 

(hc) 

P63/mmc 

 

a=3.2316 

c=5.1475 

1.5929 

𝜷 Centredcubic Im3
-
m a=3.6090 1.0 

𝝎 Hexagonale P6/mmm a=5.036 

c=3.109 

0.617 

𝝎′ Centredcubic Im3
-
m - - 
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I.6.2.1. ZrN diagram phase 

On the Zr-N diagram, the domain of the solid solution ZrNx ranges from 4 to 11.5% of 

nitrogen at 700 °C (Fig. I.20). This wide range of stoichiometry implies an evolution sensitive 

to the properties of nitride as a function of the N/Zr ratio. The solubility of nitrogen in the two 

phase’s α-Zr and β-Zr is much higher by compared to that of carbon in zirconium; the 

nitrogen solubility limit in α-Zr is 3% by mass, while it is 0.8% in the β-Zr phase. The 

transformation temperature of α-Zr to β-Zr depends on the nitrogen content. The only stable 

intermediate compound in the Zr-N system is ZrN zirconium mononitride with a wide range 

of stoichiometry ranging from 9 to 13.5% by mass percentage of nitrogen. However, the 

metastable phases ZrN2, Zr3N4 and ZrNx (x> 1) have been reported for ZrN thin films [89].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.20. Equilibrium diagram ZrN [93]. 
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Table I.8. Crystal structures and lattice parameters of the system ZrN [89]. 

 

 

 

 

 

Table I.9. Zirconium and zirconium nitride properties [89]. 

 

I.6.2.2. Effect of deposition condition on the ZrN properties 

In this part, we presented some studies on the influences of synthesis parameters on the 

structure and quality of zirconium nitrides coatings deposited with magnetron sputtering 

starting with the effect of gas pressure, then, nitrogen content effect, and finally the substrate 

bias voltage effect. 

 Gas pressure  

 In a reactive sputtering process, the reactive gas pressure plays an essential role on the 

glow discharge characteristics and on the deposition rate H.B. Bhuvaneswari et al. [99] varied 

nitrogen partial pressure from 4x10
-5

 to 10x10
-5

 mbar in order to prepare zirconium nitride 

films on silicon substrates at room temperature by D.C reactive magnetron sputtering. Using 

Phase Compositin masse %. Crystalline structure Spaces group Lattice parametre 

𝜶Zr 0 to 24.7 Simple hexagonal P63/mmc a = 3.242 

c = 5.169 

𝜷Zr 0 to 5 Cubic centered Im3
-
m a = 3.609 

ZrN 40 to 50 Cubic faces centred Fm3
-
m a = 4.63 

Component Zr ZrN 

Diffusion temperature 1852 2982 

Coefficient of thermal expansion (10
6-

/C
0
) 5.1 7.2 

Volumic masse(g/cm
3
) 6.439 7.042 

Color metallic Golden 

Specific heat(j/mol.K) 26.05 40.39 

Heat of formation at25
0
C(KJ)  -365.5 

Thermal conductivity at 20
0
C (W/m.K) 22.7 20.5 

Electrical resistivity(𝜴. 𝑪𝒎) 43 7 to 21 

Hardness(GPa) 0.48 15.8 

Yongue modulus  95 397 
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high purity of Nitrogen (99.99 %) and Argon (99.99 %) as reactive and sputtering gases, 

respectively. Results shwed that films formed at lower partial pressure (less than 5x10
-5

 mbar 

did not show the formation of ZrN but indicated only zirconium phase, whereas films formed 

beyond 6 x10
-5

 mbar showed ZrN peaks corresponding to (121) and (111) phases. 

Recently, S. Lin et al. [41] prepared five kinds of ZrN thin films in the range of 

sputtering pressures of 0.3 to 1.1 Pa by R.F magnetron sputtering system.ZrN coatings were 

deposited on zirconium alloy substrates at room temperature utilizing a ZrN target with a 

99.5% purity, a diameter of 50.8 mm with  3 mm in thickness, the distance between substrates 

and target was 80 mm, ZrN target sputtering power was fixed to 100 W and the deposition 

time was 60 min. The results showed that the crystallinity of ZrN films increased first and 

then decreased with the increase of sputtering pressure. At 0.5 Pa ZrN film began to 

crystallize andthe best crystallization was obtained at 0.7 Pa,with surface roughness of 11.20 

nm, and the best hardness and elastic modulus of about 16.022 GPa, and 193.518 GPa, and 

H/E and H
3
 /E

2
 were 0.11 and 0.083, respectively. More recently, H. V. Patel et al. [100] 

studied  the effect of R.F sputtering power and working pressure on the  properties of 

zirconium nitride coatings produced with magnetron sputtering. At 1 Pa of sputtering pressure 

a very high intensity (311) peak of Zr3N4 was observed, and the films showed excellent 

wettability with contact angle of 107° measured with water sample which was 980 this proves 

that the thin films deposited were hydrophobic. 

 Nitrogen content  

Since the magnetron sputtered ZrN thin films produced witnitrogene N2 gas that 

confirms the affectof nitrogen flow rateon the proprieties of ZrN thin films. From literatures, 

P. Klumdoung et al. [98] evaluate a color variation of the zirconium nitride thin film 

deposited in the range of 0.0 to 6.0 sccmN2 flow rates, whereas the high Ar flow rate is fixed 

at 6 sccm. The XRD results reveal the structures changes of film system from αZr, α-ZrN0.28, 

ZrN, Zr3N4 and finally amorphous with the increasing of N2 flow rate. The average film 

thickness ranged from 85.8 nm to 276.0 nm. The colors of the deposited film were changed 

from silver, dark brown, brown and to blue. Indeed, no golden color zirconium nitride film 

was obtained under the interested conditions.  

A. Singh et al. found [101] that Films deposited up to 1 sccm of nitrogen flow rate 

showed single phase fcc-ZrN, while for nitrogen flow rate >1 sccm and up to 6 sccm, the 
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deposited films revealed the growth of ZrN along with Zr3N4secondary phase. At 6 sccm a 

poor crystallinity was exhibited by the depositedfilms. XPS analysis of these films indicated 

the presence of Zr, ZrN, ZrO2 and Zr2N2O phases. The effect of nitrogen flow rate on the 

nanomechnical properties exhibited an enhancement in hardness and elastic modulusas a 

result. More recently, H. V.Patelet al. [100] prepared Zirconium nitride (ZrN) films in the 

environment of argon as inert gas and nitrogen as reactive gas these the obtained thin films 

were hydrophobic; where an dxcellent wettability were achieved for the films deposited with 

1Pa sputtering pressure. 

 Substrate bias voltage 

D. Pilloud et al. [102] studied the substrate bias voltage effect on the properties of 

zirconium nitride films. The coatings are deposited on steel and silicon substrates by 

magnetron sputtering of a zirconium target in reactive Ar–N2 mixture. Results show that when 

the bias voltage is applied to the substrateholder, the film texture changes into a (111).           

A porous films’ surface with a decreased lattice parameter, were observed for negative bias 

voltage values higher than -110 V. The films present a maximum of hardness (39.5 GPa) at -

100 V that surface roughness increases due to a sputtering phenomenon. Results show that the 

mechanical properties of the ZrN films are greatly influenced by the substrate bias and can be 

related closely to the microstructure evolution during sputtering. As negative bias is applied, 

the films tend to be denser with columnar grains, thus, the hardness and fracturetoughness can 

be largely enhanced. However the elastic modulus, on the other hand, is reduced, most likely 

owing to differences in preferred orientation. 

M.A. Signore et al. [103] fond that the negative bias voltage applied to the substrate 

during thesputtering deposition, enable films to exhibit a highly (111) preferred orientation 

due to the minimization of the strain energy. Increasing the bias reduces lattice parameter; this 

outcome can be due to the nitrogen substitute by oxygen or the generation of nitrogen 

vacancies induced by the ion bombardment. A. Kavitha et al. [104] deposited ZrN thin films 

on SS substratesusing a mid-frequency reactive magnetron sputtering. The bias voltage 

increased from 100V to 300V and the preferred orientation changes from (111) to (200). 

When bias voltage increases, thickness also increases. When thickness increases crystallite 

size decreases, strain and dislocation density increases. Micro-hardness and surface roughness 

are found to increase as the bias voltage increases.  
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 Effect of thickness 

M. Valaiauksornlikit et al. [105] prepared ZrN thin films at different film thicknesses, 

the results indicated that all samples were cubic close-packed structure with the preferred-

orientation (111) plane. However, at 300 nm, the (200) plane disappeared, eventually 

reducing the reflection and lightness of the samples.  

I.6.3. TiZrN ternary nitride 

Ternary transition metal nitrides have accumulated exceptional awareness to improve 

further the properties of the related binary compounds. Although the high proprieties that TiN 

exhibit whether it was mechanical, tribological, or electrical but, TiN limitations, are unstable 

by occurring oxidation resistance at high temperatures beyond 500 °C that can be reached 

during machining processes [106]. It has been reported that the effect of adding zirconium in 

to TiN structure to form TiZrN can present a better behaviorand cover demand for harder and 

tougher materials, the (Ti, Zr)N coating shows an enhanced hardness compared with the 

binary TiN and ZrN coatings deposited under the equivalent conditions [32, 107]. Ternary 

TiZrN films not only exhibit a golden color and low resistivity but also, better corrosion 

resistance and superior mechanical properties [108]. That could be explained by the formation 

of the stable oxide layers on the film, and the formation of solid solution strengthening, 

provides an energy barrier to the movement of dislocations throughout the crystals by 

distortion of the periodic lattice [109]. 

TiZrN crystallize in cubic densest sphere packing structure, which originally is the 

structure of both TiN and ZrN because, according to Vegard’s rule, the lattice parameter of 

the other mixed phase is, in proportion to theamounts of the alloying components, between 

the lattice parameters of the single phases [108]. Many studies indicated that the addition of 

Zr into TiN or Ti into ZrN could enhance the fracture toughness of hard coatings [108].         

A. Hörling et al. [110] show that the Ti1xZrxN thin films are promising candidates for cutting 

tools applications due to the retained high hardness even after post-deposition annealing 

above 1000 °C. Magnetron sputtering is one of the most important technique in Ti1xZrxN 

deposition and the expected or desired proprieties (crystal structure, surface morphology, 

microstructure or compositions element) are strongly dependent on the deposition parameters 

[106]. 
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I.6.3.1. Ternary phase diagram of ternary TiZrN 

Limited experimental information is available for Ti-Zr-Nsystem. E. Etchessahar et al. 

[111] found that 45 at.% N is the lower concentration limit for total miscibility in the ternary 

nitride region (named F1) the phases resulting from the miscibility gap are Ti0.13Zr0.45 N0.42 

(named F2) and Ti0.49Zr0.09N0.42 (named F3) the grain boundaries of the F2 initial homogeneous 

ternary 𝛿-nitride phase are the preferential sites for the nucleation and growth of the F1 and 

F3 phases. The partial (Ti0.5Zr0.5) N pseudo-binary phase diagram from 0 to 50 at. % 

illustrated the existence of three phases for temperature range (900–1520 °C) : 𝛿-(Ti 0.5 Zr 

0.5)–N and nitride and the two nitrogen solid solutions. The nitrogen dissolution in the   𝛽- 

(Ti0.5Zr0.5)–N alloy is marked up to 5 at. % N in the 1300–1520 °C temperature range. The 

stabilization of the𝛼-(Ti0.5 Zr0.5)–N phase by nitrogen exists up to 1520 °C. Whatever the 

temperature is, the more elevated nitrogen solubility in this phase is approximately 16.5 at. %. 

Moreover, the nitrogen solubility threshold in this𝛼 -phase depends on the temperature and 

rises up to 13 at. % when the temperature is higher than 1300 °C. Above 1300 °C 𝛼 -phase 

domain is narrow (bounded by 13 and 16.5 at. % N). 

 

 

 

 

 

 

 

 

Figure I.21. Ternaryphase diagram of ternary TiZrN [112]. 
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I.6.3.2. Effect of deposition condition on the TiZrN properties 

 Nitrogen flowrate 

Y.W. Lin et al. [32] affirmed that it is feasible to produce the nanocomposite (Ti, Zr)N 

thin films at the lower nitrogen flow rateusing R.F magnetron sputtering system. For nitrogen 

flow rates of 2–7 sccm the single-phase solid solution of (Ti, Zr) N appeared, at the lower 

nitrogen flow rates of 1 sccm, phase of both (Ti, Zr) N and TiZr mixture appeared. The films 

grain size was less than 20 nm. The (Ti, Zr) N films show excellent hardness ranging from 

35.5 to 37.5 GPa with exhibiting (111) preferred orientation. 

 Effect of bias voltage 

The bias voltage of the substrate can significantly tailor the composition and 

microstructure of the films. At different substrate bias varying from −40 V to −120 V using 

D.C unbalanced magnetron sputtering with dual guns (Ti and Zr) targets Y. W. Lin et al. [108] 

deposited TiZrN thin films onto Si (100) substrates. At low substrate biases of −40 V and −45 

V, a strong (111) texture was shown by all samples, with good roughness (0.5~0.6 nm).  

TiZrN films exhibited high hardness (33.4~37.8 GPa), low residual compressive stress (2.7 ~ 

3.7 GPa), and a bright-golden color.   

 Deposition time 

At different deposition times of (60, 120, 180 and 240 min) with reactive magnetron co-

sputtering set-up using the OAD technique, W. Phae-ngam et al. [113] prepared 

nanocolumnar TiZrN films for self-cleaning applications, using (Ti with a 99.99 % purity) 

and (Zr with a 96.9 % purity) on the substrate of Si wafer (100). The result illustrated that the 

TiZrN films prepared at 60 min and 120 min, exhibited a broad reflection of the (111) peak, 

increasing the time to 240 min, the peaks shifted sharper and intense. All the prepared films 

showed a porous and well-separated, inclined nanocolumnar growth. The hardness and 

Yong’s modulus reduced with increasing deposition time. The wettability was characterized 

by utilizing a water-contact-angle measurement. The results indicate that all the 

nanocolumnar films have a hydrophobic surface. At 60 min the water-contact angle for the 

nanocolumnar TiZrN films was 91°, and then lifted to 110° at 240 min due to the surface 

roughness increasing. 
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 Plasma-processing power 

F.M. ElHossary et al. [114] prepared the TiZrN thin film on AISI 316 substrates, using 

D.C-pulsed magnetron, the plasma-processing power was varied from 125 to 250 W. X-ray 

patterns revealed the formation of solid solution phase of TiZrN with diverse orientations. 

The results illustrated that the microhardness of TiZrN film improves with increasing the 

plasma-processing power to achieve the highest value of around 1050 HVat 200 W. When 

compared to the untreated sample, the tribological characteristics of AISI 316 coated with 

TiZrN were shown to be improved. The wear rate of the coated sample at 225 W has a value 

of nearly 0.0034 mm
3
/Nm which is very low in comparison with AISI316 substrate that has a 

value of 0.137 mm
3
/Nm.  

 Titanium content 

Experiments confirmed that the structure, morphology and chemical composition of the 

films showed changes as function of Ti sputtering current. S. Chinsakolthanakorn et al. [115] 

studied TiZrN films fabricated on unheated Si (100) substrates by reactive D.C magnetron co-

sputtering in flow rates of 8 and 4 sccm of Ar and N2 sputtering gas and reactive gas, 

respectively. The Zr sputtering current was fixed at 0.6 A and Ti sputtering current varied 

from 0.6 to 1.2 A for 60 min. It was found that the all prepared films were (Ti, Zr) N solid 

solution.  Increasing Ti sputtering current showed an increase in the crystallite size, 

roughness, and film thickness, but a decrease in lattice parameter. 

 Zirconium content 

Only limited experimental information is available concerning the effect of Zr content 

on the proprieties of TiZrN ternary system; according to W. Phae-ngam et al. [116] during the  

deposition of  the nanocolumnar TiZrN thin films on silicon wafer  using magnetron co-

sputtering with oblique angle deposition (OAD) at room temperature,the variation in  

sputtering power of Zr target from 100 to 300 W, shwed that withincreasing the Zr sputtering 

power, the length and diameter of the nanocolumnar TiZrN increased. Samples deposited at 

150 to 300 W showed the diffraction (111) and (200) peaks. The hardness of all prepared 

samplesshowed low value in arrange between 1.44-2.87 GPa compared with dense TiZrN 

film; because of the porous structure resulting from the shadowing effect. As the sputtering 

powers of the Zr target rose from 100 to 300 W, the thickness, diameter, and length of the 

nanocolumnar TiZrN film increased (394-710) nm, (71-127) nm and (428-804) nm, 
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respectively. All nanocolumnar TiZrN films presented high surface roughness (RMS) values 

of 6.5-7.2 nm. 
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I.7. Conclusion  

This chapter has been devoted to the presentation of the state-of-the-art, thin films 

description.Most common thin films application in the industry. Hard coatings, in particular, 

have been highlighted in order toillustrate their importance. The classification of hard coating 

is well discussed in this part. The synthesis of binary hard coating has been submitted and 

leads to conclude that the obtained binary transition metal nitride, oxides, boride, and carbides 

thin films deposited with magnetron sputtering demonstrated outstanding proprieties.  

The bibliographical synthesis has shown that the characteristics of TiN and ZrN thin 

films are strongly dependent on the operating conditions of deposition. The crystallization in 

cubic (TiN, ZrN) or hexagonal (Ti2N, Zr2N) phases can determine its mechanical and 

tribological proprieties and as consequence the condition of adhesion to substrates. TiN films 

can change behavior when adding a third element as indicated by the state of the art. The 

Zirconium in particular has shown characteristics that depend on its content in the films. 

According to the above, further work remains to be done to improve the properties of coatings 

based on titanium nitride.  Therefore, our study focused on this type of layer because of their 

industrial importance, in precise industrial applicatications. 
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II.1. Introduction 

       In this chapter, we presented the DFT software used for the simulation of the structural 

properties of TiN, and TiZrN systems. We assembled an overview of the most generally 

applied thin film preparation techniques. We‘ll discuss in more detail the sputtering process 

and magnetron sputtering techniques that we used for the preparation of TiN and TiZrN films 

in addition to the growth through sputtering technique. We also reviewed the most important 

techniques that are lead to determine the physicochemical characteristics, X ray diffraction 

(XRD), scanning electron microscopy (SEM), X-ray microanalysis (EDX, WDS), Atomic 

force microscopy (AFM), X-ray photoemission spectroscopy (XPS), and Raman 

spectroscopy. Wetting and surface energy of TiN and TiZrN coatings was estimated using 

contact angle measurement. Then we reviewed the used techniques to determine the 

mechanical and tribological properties of the obtained films, nanoindentation, and ball on disk 

tribometer (CSM, HIGH- TEMPERATURE TRIBOMETER).     

II.2. The determination of TiN, TiZrN structures systems  

In this thesis, the simulation is based on density functional theory (DFT), which has been 

shown to be one of the most accurate theories for calculating the electronic and structural 

properties of solids [1], with first principles calculations performed within the full potential 

linearized augmented plane wave (FP-LAPW) method [2] using the WIEN2k code [3]. The 

exchange and correlation potential was calculated using the generalized gradient 

approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE) [4]. The space is 

divided into two regions in the FP-LAPW method: the first is a non-overlapping muffin-tin 

(MT) spheres region, where the basis set within this region is described by radial solutions of 

the one-particle Schrodinger equation and their energy derivatives multiplied by spherical 

harmonics, and the second is an interstitial region (IR) Plane waves make up the basic set [5]. 

The convergence tests allow us to select the value Rmt*Kmax = 9, where Rmt denotes the 

smallest atomic sphere radius and Kmax denotes the plane wave cut-off [6]. The Gmax value 

was chosen to be 14 when Gmax is defined as the magnitude of the largest vector in the 

charge density Fourier expansion. Up to lmax=10, the MT sphere was considered. The 

Monkorst-Pack method was used with 1000 kpoints in the first Brillouin zone (IBZ). The 

charge convergence parameter was set at 10
-4

. 
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II.3. Hard coatings deposition techniques 

The three types of procedures used to apply hard coatings include gaseous state, solution 

state, molten, and semi-molten state processes. The thickness of the coatings that may be 

obtained (from 0.1 mm to 10 mm) and the deposition temperature (from room temperature to 

1000 °C) are two important characteristic parameters for coating procedures. CVD and PVD 

are two common deposition methods used to provide hard coatings on cutting tools and 

machining steels (Table II.1) [7].  

Table II.1.Thin film deposition method [8, 9]. 

 

II.3.1. Sputtering 

Sputtering was firstly experimental in a D.C gas discharge tube by Grove in 1852. He 

discovered that the discharge tube's cathode surface was sputtered by energetic ions in the gas 

discharge, and cathode materials were deposited on the discharge tube's inner wall. Sputtering 

was considered an undesirable phenomenon at the time since the cathode and grid in the gas 

discharge tube were damaged. However, sputtering is now widely utilized for surface 

cleaning and etching, thin film deposition, surface and surface layer analysis, and sputter ion 

sources, among other applications [10]. 

Chemical deposition Physical deposition 

Wet Chemical Techniques Chemical vapour deposition (CVD) Physical vapour deposition( PVD) 

1. Sol-gel spin-on 

techniques 

2. Chemical Bath 

Deposition (CBD) 

3. Spray pyrolysis 

4. Electroplating 

 

1. Atmospheric-pressure CVD (APCVD) 

2. Law pressure (LPCVD) 

3. Plasma enhanced PECVD 

4. Atomic layer deposition (ALD) 

5. Metal-organic CVD (MOCVD 

6. Laser-induced CVD (LCVD) 

1. Evaporation technique 

a. Vacuum thermal evaporation 

b. Electron beam evaporation 

c. Laser beam evaporation 

d. Arc evaporation 

e. Molecular beam epitaxy 

f. Ion Plating evaporation 

2. Sputtering technique 

a. Direct current  (D.C) sputtering 

b. Radiofrequency (R.F)  sputtering  



Chapter II.                                                                      Elaboration and Caracterization techniques 
 

 

 
59 

Sputtering is a thin film manufacturing technology that is widely utilized in sectors including 

semiconductor processing, surface treatment, and jewelry production. Metal deposition, as 

well as insulating materials, is the most common industrial use. Sputtering is the technique of 

speeding ionized atoms into a surface in order to eject atoms from that surface in their most 

basic form. The ejected atoms can then condense onto the sample, forming a thin layer of the 

substance ejected. Sputter deposition is the name for this procedure. The same physical 

mechanism may be used to remove undesired material from a sample, with the ejected atoms 

being gathered on the chamber shield in this situation. Sputter etching is the name for the 

latter method [11]. 

 

 

 

 

 

Figure II.1. The principle of sputtering [12]. 

Ion bombardment is accelerated into a substrate as a consequence of acceleration 

through an acceleration potential in the sputter chamber. Argon (Ar) is commonly utilized for 

bombardment in large-scale industrial applications in integrated circuit production, owing to 

its low cost and chemical inertness. Argon also has the benefit of having an atomic mass that 

is similar to that of several metals often employed in integrated circuits (IC), including as Ti, 

Al, and Cu manufacturing.  In sputtering procedures, the accelerating energy of the ions 

bombardment is naturally delivered by the potential drop between the ionized plasma gas and 

the bombarded surface, which is referred to as the sputter target in typical deposition 

applications. Once the ion bombardment collides with the surface of the target, atoms from 

the target can be ejected to condense on a substrate surface to construct a thin film. A critical 

metric to represent the sputtering event is the sputter yield (Y) which measures the ejected 

atoms number from the target for each ion bombardment [11]:  

Y =
Number of sputtered atoms ejected

Number of sputtering atoms incident
       (II. 1) 
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 Sputter yield is determined by the target species as well as the nature, energy, and angle 

of the incident bombardment species. When the mass of the bombarding particles is on equal 

with or more than that of the target atoms, the sputtering yield is highest. The target 

temperature has little effect on it. Furthermore, the sputter yield is independent of whether the 

bombarded species are ionized or not. The dependence of sputtering yield on incident ion 

energy exhibits a characteristic appearance as shown in Figure II.2. The surface binding 

energy, Usb, (2–10 eV) of the atoms necessity is exceeded for the atom in order to escape from 

the solid by sputtering [7]. 

 

 

 

 

 

 

Figure II.2. Sputtering yield versus energy of the incident [13]. 

 

Above the threshold energy, the sputtering yield grows to reach a maximum. As the ions 

penetrate deeper into the surface solid at increasing energies, the sputtering yields rapidly 

drop. Concerning  the energy range of 100–1000 eV, the sputtering yield is approximately 

linear in ion energies and separated of incident ion species [13]. 
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Figure II.3. Deposition rates for magnetron sputtering of different metals as function of power [13]. 

The sputtering yield grows to a maximum for off-normal bombardment, and then 

quickly drops as the bombarding particles are reflected from the surface, this phenomenon is 

known as the “angle-of-incidence effect”. For argon, the highest sputtering yield occurs at 

roughly 70° degrees off normal, but this varies depending on the relative masses of the 

bombarding and target species. From normal incidence to maximum incidence, sputtering 

yield can rise by as much as 2 to 3 times [13].  

II.3.1.1. Sputtering mechanisms 

When an ion strikes the cathode, numerous interactions can appear on its surface as 

described in Figure II.4.These interactions comprise the liberation of neutral or ionized atoms, 

backscattering, X-ray emission, photon generation, secondary electron emission, and 

desorption of gas atoms from the surface of the target. Several additional operations can 

appear furthermore in the target, including the generation of collisional cascades, the creation 

of point defects, local heating, amorphization, implantation, and compound building [8]. 

In the sputtering process shown in Figure II.4, the impacted particle fractures bonds and 

dislodges atoms if it collides with the solid's surface with enough energy. Sputtered atoms are 

atoms that have been detached from a solid. Sputtering is classified into four energy 

categories, ranging from near the binding energy to several MeV. Extremely low energies: 

Although recent studies have shown that there is very little sputtering at incidence ion 

energies ranging from a few eV to 30–50 eV, and that the lowest ion energy for sputtering 

equals the binding energy of the most weakly bound surface atom, There is still widespread 
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agreement that a sputter threshold exists beyond which no sputtering occurs, as proposed in 

early publications (the 1960s). Reduced sputter yield measurements are challengeable, and are 

rarely mentioned in the literature [13]. 

 

 

 

 

 

 

 

Figure II.4. The main physical process produced in sputtering technique (Weiss mantel, 1983) [14]. 

   

 

 

 

 

 

 

 

 

 

Figure II.5. Schematic presentation of sputtering and growth of thin films [15]. 



Chapter II.                                                                      Elaboration and Caracterization techniques 
 

 

 
63 

 

 

 

 

 

 

 

Figure II.6. Diagram-Sputtering-process [16]. 

 

II.3.1.2. Magnetron sputtering mechanism  

Many applications have been recognized for sputtering. However, the poor deposition 

rate, low plasma ionization efficiency, and strong substrate heating effects restrict this 

technique. Due to variances in sputtering speed and high melting temperatures, alloys and 

refractory metals, in particular, present challenges.  Moreover, under low working pressure, 

compounds can dissociate into their chemical constituents. The advance of magnetron 

sputtering has resolved these challenges. The conception behind this technology is to use a 

specifically tailored magnetic field on the cathode (target) to produce electron traps, affecting 

drift currents to adjacent in on themselves. The functional magnetic field develops the path 

length of primary and secondary electrons and impulsions them to trap in a localized area 

nearby to the cathode at inferior voltages than diode systems (500 - 600 V). These electrons 

have a significant role in maintaining the plasma and increasing the possibility of collision 

between ionized atoms and electrons. The increased ion current density supplied to the 

cathode as a result of the high ionization efficiency is related to the target erosion rate. 
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Figure II.7. Schematic view of: a) conventional magnetron sputtering, b) dual (co-planar) unbalanced 

magnetron sputtering, and c) unbalanced magnetron sputtering systems [17]. 

There are three principal types of magnetron design including D.C, R.F and reactive 

magnetron sputtering processes: 

 D.C (Direct Current) magnetron sputtering mechanism 

The D.C (Direct current) magnetron is one of the simplest and the oldest application 

of sputtering process. Initially, the sputtering coatings were mainly concentrating on metallic 

films over a metallic substrate, so until 1960s this diode sputtering process was one of the 

most common sputtering techniques available in the market.  

In the D.C mode the target is directly conducting electricity and may be operated up to 

power levels of perhaps 70 W/cm
2
 averaged over the target. For a 100 mm circular 

magnetrons, power provides are qualified for delivering up to 5 kW into the plasma [18]. This 

will turn out deposition rates on static substrates of numerous micrometers per minute 

creating this appropriate for high-production-rate procedures. This can produce deposition 

rates on static substrates of several nanometers per minute making this very suitable for high-

production-rate processes. The power required is dependent on target size such that large 

magnetrons may consume up to 50 kW. Consequently, D.C magnetron sputtering is used in 

different industrial areas including microelectronic circuits, electrical resistance films (Ni-Cr), 

magnetic films (Fe, Co-Pt, Co-Cr, Co-Ni), tapes and magnetic film heads, devices, corrosion-

resistant films (Cr-Ni), glass fibers and gas sensors. However, the main disadvantages of the 

D.C magnetron sputtering would be the very low deposition rate (~ 10-20 nm/min), conductor 

materials can only be deposited, and the high pressure required to achieve plasma can degrade 

the film quality compared with the R.F magnetron sputtering process[18, 19]. 
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 R.F (Radio Frequency) magnetron sputtering mechanism  

The D.C magnetron will not work if an insulating target is used, because no current can 

flow through it (Fig.II.8.b) [18]. This is done by applying a R.F potential to the target by 

using an alternating current at high frequency (typically 13.56 MHz) and the generated 

electrons move for a long distance during each half cycle, hence increasing the probability of 

further ionizing of the inert gas atoms (Ar
+
) and generating stable high-density plasma that 

improves the efficiency of sputtering process. In addition, the increased ionization efficiency 

achieved in the R.F magnetron process leads to maintain the discharge at lower operating 

pressure (1-15 mTorr) and lower operating voltage ( -500, -1012 V) than those in the basic 

sputtering mode [18, 20-22] 

F.R magnetron sputtering can be used for different types of films such as polymers, 

ceramics or insulating compounds as well as ionic, covalent and metallic materials. Despite 

that R.F sputtering equipment (power suppliers in particular) is more expensive than the D.C 

magnetron, the R.F magnetron sputtering offers many advantages: the use of non-conductive 

targets, charge-up effects and reduced arching due to the use of alternating electric field. 

Passive and insulating films and electrical resistances are another industrial application for 

using them in microelectronic and strain gauges. For example, the SiO2 films can separate the 

resistance element from the basic support, also the Ni-Cr films can be sputtered to form 

highly adherent strain-gauge elements [18]. In the R.F magnetron sputtering system, the 

ionized Ar atoms bombard the targets and their molecules/atoms consequently release to form 

thin layers on the substrates. 

II.3.1.3. Reactive magnetron sputtering mechanism 

Some dielectric materials can be sputtered by R.F or D.C magnetron sputtering in a 

reactive gas atmosphere. Reactive magnetron sputtering process is used to form films by co-

deposition and reaction of the constituents or by the reaction of deposited species with the 

ambient gaseous or vapor environment [23]. Argon gas is injected inside the deposition 

chamber as a carrier gas in a mixture with small quantities of a second reactive gas. The 

reactive gas, typically nitrogen or oxygen, used during the sputtering process reacts with the 

target surface as well as the sputtered metal atoms and thus forms a thin film on the substrate 

surface as well as on the chamber walls receiving sputtered particles (Fig.II.8). These 
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reactions affect the whole procedure [24]. A film will only be formed if the product of the 

reacting species is nonvolatile. The co-deposition of reactive species does not necessarily 

guarantee the activation of chemical reaction [23]. Reactive sputter deposition may also occur 

if the sputtered particles react with adsorbed species already present on the substrate surface 

(e.g. contaminants). Generally, for deposing at low temperature, some of the reacting species 

should be condensable with the other gaseous ones [23]. 

Reactive sputtering can also be used for deposing films by chemical reaction between 

the target material and the gas introduced into the vacuum chamber where the compositions of 

these films can be controlled by adjusting the relative pressure of the mixture between Ar ions 

and reactive gases. The reactive magnetron sputtering can be used not only for sputtering of 

nitrides, oxides, carbides and other compounds, but also for the production of nanocomposite 

films with small grain size (1–20 nm) [24], which exhibit unique properties and enhance their 

performance and applications. Hard materials such as TiN are used for wear-resistant tools 

and decorative coatings of watchcases. The transparent conductor thin films of In-Sn oxide 

are also produced by reactive sputtering. These films are used for the electromagnetic 

interference, LCD displays, heated screens for vehicles and aircraft and in solar collector 

panels [23].When the reactive gas flow rate is maintained, the compound forms on the target 

surface in a sudden transition. The sputtering rate drops and the partial reactive gas pressure 

insuring even further target “poisoning” [18]. 

For example, the sputtering of an oxide covered target is generally not desirable because 

the sputtering rate of the oxide is much lower than that of the metal and the appearance of an 

insulating surface on the cathode causes arcs if D.C is used, and F.R power is required. This 

effect is particularly difficult to be solved for different oxides (e.g. aluminum and titanium 

oxides) because the deposition rate of oxides is unacceptably low. However, the oxides of 

materials such as indium, zinc and titanium can sputtered from a metal oxide target with D.C 

mode, without arcing, and largely have been used for coating of architectural glass. In order to 

decrease the influence of arcing effect, alternating voltages can be applied to prevent the 

building up of charges in the dielectric layer at the target surface [25] . 
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Figure II.8. Schematic view of: a) D.C, b) R.F, and c) reactive magnetron sputtering deposition 

systems [22, 24, 25]. 

 

The choice of this technique for the growth of our coatings has been established thanks 

to the numerous advantages of this technique, including: 

 The possibility of depositing nitrides, carbides, oxides, etc., 

 The ability of commanding the deposition parameters during the growth of the 

coating, which makes it possible to investigate the influence of every parameter on the 

overall features of the film obtained and to produce coatings at well-controlled 

deposition rates, 

 The full cover of the surfaces coated, 

 High purity of the product coatings. 

The magnetron sputtering deposition machine that we used in this research (DEPHIS, 

France) (Fig.II.9). 

a) b) 

c) 
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Figure II.9. The magnetron sputtering deposition machine (DEPHIS, France). 

II.3.1.4.Thin Film Growth through Sputtering Technique 

II.3.1.4.1.Nucleation and growth mode of sputtered thin films 

The main physical mechanisms involved in the nucleation and crystallization of the 

films over the substrate. Studies done through X-Ray diffraction and mainly through electron 

diffraction have allowed establishing that there are three mechanisms of the nucleation and 

growth of thin films (Fig.II.10), which depend on the thermodynamic parameters of the 

deposit and the substrate surface interaction between the adatomes and the substrate material 

[14]. 

All the procedures of thin film growth from a vapor phase are obtained in three 

principals steps: firstly, creation of the appropriate species to be deposited on the substrates 

(ionic, atomic or molecular compounds) by the Ar
+ 

etching of the target surface. Then, 

transport of these species from the source (target) to the substrate surface with or without 

collisions between atoms and molecules. Finally, the condensation of these species by 

chemical or electrochemical reactions and forming the films [26]. 
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 Nucleation 

Sputtered adatoms reaching on the substrate lose their kinetic energy (physically diffused 

from the target surface). Thermodynamically, these species are not in equilibrium with the 

substrate and move over the entire surface. In this condition, these species interact with each 

other and form clusters. These are unstable and tend to be adsorbed. Under certain deposition 

conditions, they collide with other adsorbed species and start developing. After achieving a 

critical size, these clusters become thermodynamically stable and the nucleation barrier is 

over. The clusters grow in both size and number to reach a maximum density of nucleation; 

this is called the nucleation stage. The clusters size relies on many parameters such as 

sputtering rate, activation energy, thermal diffusion, and the type of the substrate. The film in 

form of an island can grow parallel or vertical by diffusion of the sputtered species to the 

substrate surface. In PVD processes, lateral growth in this stage is more important than 

perpendicular one. 

 Coalescence 

The islands grow largely and eventually meet to form a continuous layer. As soon as two 

islands are close enough to interact, they will begin restructuring to minimize their total 

surface and interface energy. The islands move from a discontinuous type to form grain 

boundaries leaving cannels and holes in the thin film deposited on the substrate [27]. Surface 

diffusion continues to change the grain shape until the new grain reaches its equilibrium 

shape. Size differences between the coalescing grains will lead to growth of the large grain at 

the expense of the smaller due to the larger curvature of the smaller grain. One of the 

consequences of island coalescence is that the areal fraction of the surface covered by 

deposited material decreases. These newly released surfaces are often large enough to allow 

for nucleation of a new generation of islands, known as secondary nuclei. There are three 

different initial growth modes of grain boundaries [24]. 

 Vollmer – Weber growth (3D-island growth) mode or mechanism of island growth mode 

The island mechanism growth happens when atoms in the film bind more with each other 

than with the substrate surface. In this case, three-dimensional islands are constructed and 

grow directly on the substrate surface. Small clusters of atoms directly nucleate on the 
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substrate and then extend in three dimensions in the form of islands. This happens when the 

deposited atoms are stronger bonded to each other than to the substrate (Fig.II.10.a).  

 Frank–van der Merve (2D-layer growth) growth mode or layer by layer growth mechanism 

The layer-by-layer growth mechanism of Frank-van der Merwe occurs when the atoms 

of the thin film bind more to the substrate than to each other. The growth of the next layer 

does not start until the full formation of the previous layer, so obviously there is 2D growth 

(Fig.II.10.b). 

 Stranski-Krastanov growth mode 

This mode is a combination of the two previous. It represents the situation in which 

two-dimensional (layered) development transforms into three-dimensional growth (island). 

The three-dimensional island formation happens once the two-dimensional layer growth is 

completed. The nature and thickness of the two-dimensional layer (often referred to as a 

Stranski – Krystanov layer)depends on the individual case (Fig.II.10.c) [28].  

 

 

 

 

 

 

Figure II.10. Three different growth modes: a) Volmer–Weber island growth, b) Frank–Vander 

Merwe layer growth, and c) Stranski-Krastanov layer plus island growth [14] . 

II.3.1.5. Physical models thin film microstructure growth through sputtering 

The microstructure of thin films is related to the mobility of the adatoms during growth. 

The energy supply to the atoms is provided by the following mechanism: 
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 Thermal effect,  

 Ionic bombarding, 

 Chemical reactions at the substrate.  

The effects that are produced by these mechanisms in the growth of thin films can be 

explained by the structure zone model (SZM).  

II.3.1.5.1. Structure zone models SZM and microstructure 

Regardless of the kind of material, the SZM model can predict the morphology and 

microstructure of films as a function of the adatomes. The temperature of the substrate, the 

ultimate working pressure, the bias voltage applied to the substrate, and the thermal properties 

of the target are the factors that the SZM model uses to determine the microstructure of the 

films [14]. Temperature and pressure are two of the most critical characteristics that impact its 

properties. Modern deposition processes, like as sputtering, may produce a wide range of 

coatings based on the mobility of the deposited atoms on the substrate surface, which can be 

improved by raising the deposition temperature. The increased mobility of the atoms allows 

the formation of thin films with significant crystallization. Low atom mobility, on the other 

hand, leads to the production of amorphous films [29]. To better understand the impact of 

deposition parameters on coating structure, Multiple structural zone models (SZM) have been 

proposed for describing thin film growth modes in response to temperature and operating 

pressure [29, 30]. Firstly, for thick evaporation films, Movchan and Demchishin proposed a 

three-zone model based on temperature variations [31]. The model was developed by 

Thornton and extended to include the effects of working pressure (P) and temperature ratio 

Ts/Tf, (Ts is the temperature of the substrate, and Tf the melting point of the sputter material).  

 A transition zone (T) Also considered between zones 1 and 2 as described in the 

following paragraphs. Now, with this extension, the model is called Movchan-Demchishin-

Thornton (MDT) model [32]. 

A zone classification was developed by Thorton (Thorton, 1974) taking into account the 

final working pressure as it will affect neither the kinetic energy of ions reaching the substrate 

and the mean free paths of the particles, both of which can influence the degree of 

bombardment on the substrate surface, which controls adatoms mobility. In Thorton's model, 

there was a transitional zone called the T zone between the first and the second zone 
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discussed above. The T zone has been formed by grains defined by the limits of the low 

porosity. As compared to the two surfaces surrounding them, the surfaces of the T zone are 

denser with reduced roughness [14]. 

Zone 1: (Ts/Tf <0.3) composed of small and elongated grains with a porous morphology 

and weakly bound grains. The columnar structure is associated with a low diffusion rate, low 

mobility of atoms, as well as the atomic shadow effect, which are associated with varying 

velocity when the columns grow and various incidence angles at which the atoms strike the 

surface of the substrate [14]. 

Zone 2: (0.3 < Ts/Tf <0.5) is characterized by the growth of uniform crystalline columns 

continuously from the surface of the substrate. The grain size grows and may develop 

throughout the film thickness. The surface ends of the grains conduct to a faceted surface 

[30, 32]. 

Zone T: (0.2 <Ts/Tf< 0.4) Low gas pressure and similar low temperatures lead to 

transition morphology. It is characterized by exact low surface roughness and dense fibrous 

grains. These films are also amorphous or nanocrystalline and the grain boundary diffusion 

are strongly limited leading to competitive grain growth and resulting in V-shaped grains with 

a grain structure not homogenous through the film thickness. At higher temperature, bulk 

diffusion and recrystallization lead to dense films with large grains. 

Zone 3: (0.5<Ts/Tf< 0.75) his structure distinguished by equiaxed (globular) three-

dimensional grains, which is a educate indication that the crystal development has been 

blockaded periodically. These sorts of structure are commonly assigned to the elevated 

substrate temperature range. For Ts/Tf≥ 0.75crystallization and grain growth become 

essential [30, 32].  
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Recently, Anders published an expanded model (Fig.II.11) from the Thornton’s model 

[31], which substituted the Ts/Tf ratio by the generalized temperature T*, which incorporates 

the homologous temperature and the temperature shift forced by the potential energy of  

 

Figure II.11. Anders Structure zone diagramme [29]. 

particles reaching the surface. The linear pressure was also replaced by a logarithmic 

axis representing the normalized energy flux E*, representing displacement and heating 

effects generated by the kinetic energy of bombarding particles. Finally, he replaced the z-axis 

with the net film thickness t* which can be negative in the case of ionic etching [31]. 

II.4. Thin films characterization techniques 

Characterization is an important step in the development of better-quality of materials. 

We focused especially on the structural, mechanical, and tribological characterization 

techniques; owing to their significant role in the development of hard coating proprieties and 

also help the researcher better understand the corresponding domain of application according 

to the properties exhibited by thin films. In the first part, a variety of methods of Physico-

chemical and structural characterization techniques, such as X-ray diffraction (XRD), 

Scanning electron microscopy (SEM), X-ray microanalysis EDS, and WDS, Atomic Force 
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Microscope (AFM), (XPS),and Raman spectroscopy have been adopted to investigate the 

structure, chemistry, and crystallography thin-film coatings.  

Wetting and surface energy determined using the contact angle measurement. Nano 

indentation method is commonly used to evaluate the mechanical properties of thin films, also 

included. The film residual stresses were determined by using Stoney’s formula [33].In 

addition, wear testing is briefly introduced. In the second part of this section, details of these 

characterization methods used in this thesis are summarized. 

In this part, we introduce the used techniques available for the characterization of our 

coatings, consisting of phase analysis, structural elucidation, compositional characterization, 

surface, and microstructural analysis, which have a strong bearing on the properties of 

materials, and finally, mechanical and tribological characterization. 

 II.4.1. structural and physicochemical caracterization  

II.4.1.1. X-ray diffraction  

 X-ray diffraction (XRD) is commonly applied for the analysis of material structure. 

This technique is popular as it is both non-destructive and can be applied to almost any solid 

sample without any special preparation techniques. The data delivered by XRD is interested 

with periodicity in a structure. Individually atom in a periodic structure functions as a point of 

scattering for waves. These scattered waves may interfere constructively to assemble sharp 

peaks in intensity. The conditions for constructive interference are illustrated by Bragg’s law, 

as presented below in Equation (II. 1) with a simplified model given in Figure II.12. 

Bragg’s Law:  

2 dhkl sinθ = nλ                                     (II.1) 

Where ‘θ’ is the incident angle, ‘n’ is the order of diffraction, ‘λ’ is the wavelength of 

beam, and ‘d’ is the spacing between diffracting planes. It demonstrates the relationship 

between scattering angle, the wavelength of radiation, and the spacing between the planes 

of atoms. Because the distances in between atomic planes are reliant on the atoms' size 

and distribution [34, 35]. 
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Figure II.12. Geometric principle of X ray-diffraction. 

XRD provides information regarding crystal structure since periodicity and symmetry 

are components of ordered crystal structures. Distortions or alterations to the periodic 

structure can also be observed through distortions in the X-ray diffractogram, this provides 

information regarding grain size, epitaxial, texture, and even microstrain.  

In our work, the crystalline structure was determined by X-ray diffraction analysis 

(XRD, (XRD, BRUKER, Karlsuhe, Germany, 40 kV/ 40 A, Cu–Kα radiation) over a 2θ range 

from 30 to 80°. All the reflections were equated with the standards gathered by the Joint 

Committee on Powder Diffraction and Standards (JCPDS, card #01-074-8388 for TiN, #00-

004-0836 for Cu and #00-065-7723 for ZrN). The average crystallite size was determined by 

using the Scherrer equation. 

Scherrer’s formula evaluates the influence of crystallite size on the XRD peak 

broadening. Williamson–Hall method is a very comfortable and simplified one. According to 

this, total broadening of the XRD peak is due to the size and micro-strain of the nanocrystals 

and can be written as:  

βtotal = βsize+ βstrain                                 (II.2) 

For a dense structure, we can calculate the average particle size by using the corrected 

physical broadening with the help of Scherrer’s equation [22]: 

𝐷 =
0.9

βcosθ
                                      (II.3) 
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where, D is mean crystalline size, λis X-ray wavelength (1.54 Å), βis the peak width and θis 

Bragg diffraction angle. 

The lattice parameter could be calculated for fcc-crystal structure using the following 

equation: 

𝑎2 = (


2

4sin2θ
) (h2 + k2 + l2)                      (II.4) 

The lattice distortion (ɛ) was calculated using the following equation: 

𝜀 = (1 −
a

a0
)                                     (II.5) 

where, a is the lattice constant , produced in different, a0is the lattice parameter  of bulk 

structure. 

II.4.1.2. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a versatile technique used in many industrial 

labs, as well as for research and development. Due to its high lateral resolution, its great depth 

of focus and its facility for X-ray microanalysis, SEM is often used in materials science to 

elucidate the microscopic structure or to differentiate several phases from each other. In the 

SEM system, the electrons interact with the samples to produce secondary and backscattered 

electrons, which will be collected to generate scanning electron micrographs (Fig.II.13). 

Backscattered electrons were formed when an incident electron strikes the sample and is 

bounced back from the sample. The elements with higher atomic numbers absorb more 

incident electrons allowing fewer to be backscattered, leading to higher contrast to different 

elements. The secondary electrons will be generated when an incident electron strikes the 

sample. The electron from the sample with excess energy will be ejected by atoms near the 

sample's surface (10 nm) and will be strongly affected by the sample's topography [36].  

In our work, the surface and film cross-section morphologies were examined using a 

field emission scanning electron microscope (FE-SEM, Hitachi S3500 N, USA). 
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Figure II.13.a) Schematic diagram to show operational principle of SEM facility [37], b) cross 

section, c) surface morphology of thin films [38]. 

II.4.1.3. X-ray microanalysis (EDX, WDS) 

The qualification and quantification of the chemical composition are carried out with 

gratitude to the EDS or WDS. Following their ionization by incident electrons, each atomic 

element emits on its return to equilibrium X-ray radiation having specific energy. 

 Energy Dispersive Spectroscopy (EDS): The EDS detector consists of a diode (single 

silicon crystal doped with lithium) which receives the entire X-ray spectrum. A multi-

channel analyzer classifies the number of occurrences (quantitative information) of each 

energy level received (qualitative information) and reconstructs the emission spectrum of 

the sample. 

 Wavelength Dispersive Spectroscopy (WDS): In the WDS spectrometer, X-rays from 

the sample are collected on a crystal monochromator. Depending on the angle between the 

crystal and the sample, radiation will be diffracted. Knowledge of the diffraction angle makes 

it possible to calculate the wavelength of this radiation [39]. 
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Figure II.14.a) Schematic energy dispersive Spectrometer [40], b) X-ray energy spectrum (WDS) 

KeV [41]. 

In our work, chemical compositions of thin films were analyzed with energy-dispersive 

X-ray spectroscopy (EDX, WDS, Oxford INCA x-act, 15 kV, USA) attached to the FESEM. 

The stoichiometric of TiN and ZrN phases was measured in two different points for every 

film and the precision is about 3 %. 

II.4.1.4. Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is a technique widely utilized to image the surface of 

a sample. It achieves very high-resolution levels that can reach the atomic level. We can 

therefore produce images of surfaces at extremely high resolution. The basic structure of an 

AFM microscope is shown schematically in Figure II.15. When the tip approaches the sample 

surface (at a distance of a few tenths of a nanometer), repulsive Van der Waals forces between 

the atoms of the point and those of the studied surface, which caused a deflection of the beam 

which depends on the distance which separates them. 

 A piezoelectric transducer is used to allow scanning of the sample surface and the 

deflection of the beam is usually measured by the reflection of a laser beam. The main mode 

of use of an AFM microscope is based on the use of a feedback loop to maintain a constant 

distance between the tip and the surface being analyzed through a piezoelectric actuator [42]. 
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. The main mode of use of an AFM microscope is based on the use of a feedback loop to 

maintain a constant distance between the tip and the surface being analyzed through a 

piezoelectric actuator.[19] 

 

 

 

 

 

 

 

 

Figure II. 15. a) Schematic diagram illustrating the principle of the atomic force microscope, b) 2D, 

c) 3D) AFM images of the thin films[20] 

I.1.1 XPS 

a) b) 

c) 

 

 

 

 

 

 

Figure II.15.a) Schematic diagram illustrating the principle of the atomic force microscope, b) 2D, c) 

3D) AFM images of the thin films [43]. 

The roughness and surface topography of our deposited films were determined by an 

Atomic Force Microscopy (AFM, APE research) with a silicon nitride super tip. The AFM 

was operated in a contact mode and the scan zone was (3×3) μm
2
. 

II.4.1.5. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis 

(ESCA) is a remarkably practical technology for analyzing thin surface layers. The technique 

is expressed by Briggs and Seah. In XPS, the substrate is bombarded with X-rays with well-

defined energy. The X-rays interact with core electrons existing around the nucleus of the 

different atoms, and, if these electrons escape the sample, is emitted at a well-defined kinetic 

energy, Ek, given by: 

Ek = h𝑣 - Eb–𝜑                                     (II.6) 

Where h𝑣 is the X-ray photon energy,Eb is the electron binding energy, and 𝜑 the work 

function that is the energy needed for the electron to free itself from the surface. 

It depends on the spectrometer and the substrate. The kinetic energy of the 

photoelectrons originating from various kinds of atoms and orbitals, and even the same type 
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of atom and orbital in diverse binding states, have different binding energies. Therefore, by 

isolating the electrons with different kinetic energy in an analyzer and indicating the results in 

a spectrum showing the photoelectron intensity as a function of kinetic energy, the types of 

atoms current in the surface layer and their abundance can be determined.  

XPS is surface sensitive due to the short inelastic mean free path (), of electrons in 

condensed materials. Typical values are 1-2 nm for metals, (1.5-4 nm) for oxides and down to 

3 nm for organic materials. This means that 63% of the signal emanates from a region that is 

at a distance less than () from the surface. The ESCA results quantification can be carried 

out in diverse ways and to various degrees of complexity. The most typical way is to provide 

the data in atomic percent, in which the relative abundance of different types of atoms in the 

surface layer is determined by multiplying the photoelectron intensity for a specific element 

by the element's sensitivity factor. A more extensive investigation can be performed if the 

adsorbed layer contains an element that is not present in the substrate [44]. 

 

 

Figure II.4.a) Schematic diagram of a monochromatized ESCA instrument [44], b) N1s XPS binding 

energy of Titanium nitride films [45]. 

The elemental composition and chemical bonds of our films were characterized by X-

ray Photoelectron Spectroscopy (XPS) with Al-Kα irradiation at energy of 1486.6 eV, after 

removing the surface contaminants by sputtering them with Ar
+ 

ions at a primary energy of 3 
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keV for 5 min. The spectra were calibrated by the C1s line (284.5 eV), then decomposed into 

peaks with Gaussian–Lorentzian line shapes by a non-linear least square fitting method. 

II.4.1.6. Raman spectroscopy 

Raman spectroscopy is an optical nondestructive technique sins the non-contact nature 

allowing the user to characterize a variety of materials while contact methods can deform thin 

films and bias the measurement [46]. Raman is based on the inelastic scattering of photons 

with elemental vibrational excitations in the material. The line shape and position of the 

Raman bands are determined by the crystalline structure and chemical composition of the 

measured samples, being sensitive to the presence of crystalline defects, impurities, and 

strain. The presence of peak characteristics of different phases also allows for the 

identification of secondary phases that are intensely bonded to the film growth and procedure 

conditions. All of these factors contribute to a great interest in Raman spectral analysis, which 

offers the perfect non-destructive analytical tool for assessing the structural and chemical 

properties of films [47].  

Raman spectroscopy is based on the Raman Effect with inelastic light scattering. When 

a molecule is irradiated by an electromagnetic wave of frequency ν0, a part of the light is 

absorbed and a part is diffused either with the same frequency, it is the diffusion elastic or 

Rayleigh, or with a different frequency ν it is Raman scattering. 

 If ν (diffused) <ν0 (incident) we have a Raman Stokes scattering: if ν (scattered) > ν0 

(incident), we have a scattering Much weaker anti-Stokes Raman. A Raman spectrum is 

therefore a vibrational and rotational imprint of the analyzed compound at the molecular 

and/or crystalline level. It appears as a set of lines of changing intensity whose positions link 

to the frequencies of vibrations current in the molecule and whose observation is allowed by 

the selection rules of molecular symmetry [48]. 
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Figure II.5.a) Schematic setup of a Raman microscope [47], b) Raman spectra of VN films [49]. 

Raman spectroscopy with a Bruker Senterra spectrometer was applied in our study. 

Exciting laser radiation wavelength was 600 nm. This identification was supported by a 

reference Raman spectrum of obtained phases expected in V-N coatings. 

II.4.2. Wetting behavior and hydrophobicity  

Wetting surfaces have acquired increased awareness because water repellent materials 

have many promising features, such as self-cleaning, anti-icing, anti-bacterial, drag reduction, 

and adequate thermal transfer. Super hydrophobic surfaces may be applied to air-crafts, used 

as exterior coatings for buildings, automobiles, hospital equipment, wind turbines, etc. 

However, super hydrophobic surfaces have limited usage in high wear conditions due to their 

poor mechanical durability. Therefore, a water repellent material with good durability, good 

thermal stability, and good chemical stability is a requirement for more widespread use of 

these remarkable materials [50]. 

The surface wetting behavior can be categorized by measuring the water contact angle 

(CA) for a drop of liquid deposited on a surface, as shown in Figure 1.18. The contact angle θ 

is the angle between the baseline and the tangent to the liquid/gas interface at the point where 

the three phases overlap [51]. The CA is related to the three interfacial surface tensions 

through the Young’s equation [51]: 
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cosθY = (γsg − γsl) /γlg                   (II.7) 

where θY Young’s equilibrium contact angle and γij is the surface tension at the interface 

between the i and j phases with the subscripts s, l and g representing solid, liquid and gas, 

respectively. Surfaces with different wettability concerning water are conventionally referred to as 

either hydrophobic or hydrophilic as shown in Table I1.2 according to the values of the CA.  

 

 

 

 

Figure II.6. Representation of the CA [51]. 

Table II.2. Relating hydrophobicity and the contact angle with water [51]. 

Surface Contact angle Figure 

Superhydrophobic >160 

 

Hydrophobic >90 

 

Hydrophilic <90 

 

Superhydrophilic ~0 

 

Many parameters affect the water contact angle values, the surface energy, surface 

roughness, pressure, temperature, humidity, and surface contamination [50]. In this 

experimental investigation, the hydrophobicity of  TiN, and TiZrN films’ surface was 
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evaluated by the contact angle measurements . Water droplets (3 ml) were fallen down on the 

films and the contact angles were measured. The droplet profile was acquired using a camera 

(SCA Software for OCA and PCA Drpo6) aligned with the sample and a backlighting source. 

II.4.3.Mechanical characterizations 

Interest in mechanical-property effects in thin films has traditionally focused on two 

broad issues. The primary one has been the deleterious effects that stress cause in films. This 

has prompted much research to determine the type, magnitude, and origin of stress as well as 

means of minimizing or controlling stresses. A second central point regards improving the 

hardness and wears resistance of assorted coatings. Of the two issues, the first has historically 

generated the greatest scientific attention and is the one primarily addressed in this chapter. 

On the other hand, the mechanical properties of metallurgical and protective coatings 

are important technologically and are the subject of an extensive literature. It is virtually 

always the case that stresses are current in coating. What must be appreciated is that stresses 

exist even though films are not externally loaded. Such residual or internal stresses directly 

affect a variety of phenomena including adhesion, generation of crystalline defects, perfection 

of epitaxial layers and formation of film surface growths such as hillocks and whiskers. Since 

they tend to increase with thickness, promoting film peeling, and stresses are a prime 

limitation to the growth of very thick films. Substrate deformation and distortion also 

necessarily arise from stresses in the overlying films [25].  

II.4.3.1. Residual stress 

Residual stresses can be described as the stresses, in the mechanical sense of the term, 

present within a material when it is not subjected to an action exterior mechanics. They are 

not specific to thin films or materials of a low thickness (< 10 𝜇m). A massive material also 

presents, locally, stresses significant residuals. In a mechanically-welded structure, for 

example, stresses develop locally near welds. In the case of thin coatings, the residuals stress 

are represented in a preponderant way, sometimes involving the integrity of the 

microstructures [39]. In the case of hard coatings, the origin of the residual stresses (RS) is 

specifically connected to the coatings deposition process and the growth mechanism. The 

deformations and residual stresses existence can affect the properties of use (physical-

chemical, mechanical, etc.) of the produced materials [42]. 
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Residual stresses are classified according to three orders. The I order stresses 

presented the macroscopic stress. For a multiphase material, they affect several grains. Order 

II stresses are the residual stresses present at the grain scale, acquire from the difference in the 

grains constitution, their orientation, their size is at the origin of these constraints. Finally, the 

stresses of order III are the microscopic residual stresses. They can be due to the presence of 

interstitial elements, gaps, or other defects within the network crystalline. In the case of thin 

films, three types of residual stresses are considered: thermal stresses (negligible in our case), 

–intrinsic stress, –the structural stress. The thermal stress is originated principally from the 

difference in coefficient of thermal expansion between materials united, expressed by a 

deformation of the various elements during the cooling of the structure. These constraints can 

be categorized into the order I of residual stresses since they act globally on the structure. The 

intrinsic stresses existed during the elaboration process of the coatings and appear during the 

growth, resulting in residual stresses of order I, II, or III. In microsystems, each layer or 

multilayer presents intrinsic stress during its method of production and could originate from 

faults, defects, contamination, the problem of diffusion of oxygen towards the inside of the 

layer causing a volume expansion, the difference in the size of atoms of each component, 

oxidation of the surface, growth rate, dislocations of interfaces in single crystals, tension of 

area, etc. [39]. 

 

 

 

 

 

 

Figure II.7. Deformation of the film/substrate assembly according to the type of stress [52]. 

The residual stresses generated in the films during the deposition procedure were 

calculated from the tensile steel substrate-curvature radii before and after deposition measured 

by an optical Profilometer (VEECO, Wyko-NT 1100), obtained by using Stoney’s formula: 

σ =
Es

6(1−νs)

ts
2

tf
(

1

R
−

1

R0
)                                 (II. 8) 
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Where Es (181 GPa) and νs (0.28) are Young’s modulus and Poisson’s ratio of Si 

(100), respectively. ts and tf are the thickness of the Si(100) wafer and the deposited film, 

respectively, while R0 and R are the curvature radius before and after deposition, respectively. 

II.4.3.2. Nanoindentation 

The indentation test is a simple and effective method for determining the mechanical 

behavior of materials that have been widely used in the 20th century.  The mechanical 

characteristics of materials analyze by pressing an indenter into the material surface and then 

analyzing the impression. The indentation test was firstly utilized for the measure of hardness. 

A hard object with a specific form and size is operated as an indenter and indented into the 

tested material under specific force keeping for a period before being unloaded. Then the 

hardness of the tested material can be determined from the relationship between the total 

indentation load and displacement or area. There are many traditional methods of hardness 

testing based on the principle above, such as the Vickers hardness method (Vickers), Knoop 

hardness method (Knoop), and Rockwell hardness method (Rockwell).  

The features of materials at nanoscales have become more essential with the advent of 

nanotechnology. At this point, the nanoindentation method occurs and takes the place of 

standard hardness measurements to satisfy the necessity of the examination of further 

materials. The nanoindentation method, which is furthermore known as the depth-sensing 

indentation technique, was firstly offered and developed by Oliver and his coworkers. This 

technology is founded on the theory of contact elasto-mechanics. In the nanoindentation test 

there are two indenter forms: Berkovich and cube corner. The Berkovich indenter is a three-

sided pyramid with a face angle of 65.3 to the indentation vertical axis, and its area-to-depth 

operation is the exact as that of a Vickers indenter. The cube-corner is too a three-sided 

pyramid which is precisely the corner of a cube [53]. 
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Figure II.8.a) Hardness indentation, b) Elasto-plastic deformation at the maximum applied load  Lmax, 

c) plastic deformation after releasing the load [54]. 

Through the analysis of the loading–unloading curve, not only hardness and elastic 

modulus can be obtained, but also information such as viscoelasticity, creeping, fracture 

toughness, strain-hardening effect, residual stress, phase transition, and dislocation 

movement. Recent years, with the development of nanoindentation technique, the 

investigation of the real contact area and pile-up of materials around the contact impression 

can be carried out by combining the application of atomic force microscopy. The finite 

element simulation technology has also been applied in nanoindentation tests, which makes 

the study of pile-up behavior much more convenient [55]. 

 

Figure II.21. Load–unload during nanoindentation [54]. 
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      II.4.4. Tribological characterization 

The science and technology of interacting surfaces in relative motion and of related subjects 

and practices the tribology include the field of lubrication, friction and wear [56]. Wear is the 

result of friction, abrasion, etc. Friction occurs when two bodies are moved in connection with 

each other, as is the case for example in machining. Thus, wear is described as the progressive 

failure of matter from the surface of a body as a result of a relative movement to another body 

in contact. Indeed, the third body is formed of particles that are separated from the first two 

bodies [39]. Therefore appears that tribological behavior is not an intrinsic property of 

materials, but that it depends on the mechanical and structural characteristics of the two 

materials in contact and stress conditions [39]. 

In this study the tribological properties of the deposited TiN and TiZrN films were examined 

at room temperature and atmospheric conditions by a ball on disk tribometer (CSM, HIGH- 

TEMPERATURE TRIBOMETER). A 100Cr6 ball (diameter: 6 mm) was used as the upper 

specimen. The disc was rotated at a speed of 400 r/min (0.125 m/s), while the radius was 5 

mm and the normal load was 2 N. The sliding distance was 400 m. After the test, the wear 

tracks were characterized using SEM for examining the wear mechanism. The wear rate was 

determined by using the wear volume values of the films in the related formula: 

W =V/FxS (mm
3
×Nm)                                                             (II.8) 

 

Figure II.22.a) Ball on disk tribometer (CSM, HIGH- TEMPERATURE TRIBOMETER), b)SEM 

image of wear track. 
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II.5. Conclusion  

This chapter presents a review of deposition techniques in general, and the DC/RF 

magnetron sputtering in details since it used in our study of TiN, and TiZrN thin films, and 

the growth modes of the deposited thin coats, finally, the various experimental techniques for 

structural, morphological, mechanical, and tribological characterizations were presented. 

Table II.3 summarizes the characterization techniques used during this study  

Table II.3. Summary of the elaboration and characterization techniques used  in our work 

 

 

 

 

 

 

 

 

 

Propriety Technique  

Coatings reactive R.F magnetron sputtering system  

Structural XRD 

Morphology  SEM 

Chemical Composition  EDS , WDS , XPS, RAMAN 

Surface topography  AFM 

Wetting and surface energy Contact angle 

Residual stress  Profilometer  

Hardness and young s’ modulus  Nanoindentation 

Wear resistance ball on disk tribometer (CSM, HIGH- TEMPERATURE 

TRIBOMETER) 
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III.1. Introduction  

Titanium nitride (TiN) is the most basic transition-metal in the refractory materials 

group. The wide wholesome applications concern TiN coatings in industrial purpose, as wear-

resistant coatings for cutting tools [1],  automobile parts [2], in bio-implants [3], and also for 

the decorative uses [4], that can be attributed to their excellent mechanical proprieties 

especially high hardness, great toughness, and good elastic modulus [5]. Titanium nitride 

coatings also exhibited high wear, and corrosion resistance, biocompatibility [6], as well as 

the hydrophilic characteristics [7], besides the excellent chemical stability [8], and the golden 

color [9]. A wide variety of coating methods such as laser-assisted nitriding [10], plasma 

nitriding [11], chemical vapor deposition (CVD) [12], and physical vapor deposition (PVD) 

[9] have been used to deposit TiN coatings. Amongst PVD techniques, we cite the cathodic 

magnetron sputtering that has been used around the 1970s, vis-à-vis  to other coating 

technologies.The method is prominent, compatible, and could enhance coating qualities, as 

well as it is effective, economic, and permit to provide various classes of coatings in a wide 

field of applications, and the most important is to create smooth coatings with  defect-free 

[13]. 

In this chapter, we try to present the relationship between structure, surface topography, 

and tribo-mechanical behavior of TiN thin films elaborated at different nitrogen (N2) flow 

rates in order to identify the effect of different nitrogen percentages on TiN thin films 

proprieties. We produced TiN nitride films using reactive magnetron sputtering of circular 

titanium target of 200 mm diameter and 6 mm thick (99.99 % purity)on Si (100) wafers, 

glasses, and Ti6Al4V substrates with a surface roughness of about (Ra ≈ 30 nm), measured by 

an optical Profilometer. 

Our produced films deposited under different N2 partial pressures and flow rates varied 

from 0 Pa (0 % N2) to 0.12 Pa (corresponding to 30 % N2 of mixture atmosphere).Firstly, we 

ultrasonically cleaned the substrates in acetone and ethanol, dried in air, and then fixed them 

on the substrate-holder. The distance between the Ti target and the substrates is about 100 

mm. The evacuated deposition chamber down to 2×10
-4

 Pa, later a mixture of both Ar (99.99 

% purity) and N2 (99.98 % purity) gases were separately injected into the chamber. Before the 

film deposition, the Ti target was etched by Ar ions bombardment for 10 min. To increase the 

adhesion of TiN film on the substrate, Ti interlayer (≈ 60 nm of thickness) was firstly 
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deposited by applying 150 W to the Ti target in a pure Ar atmosphere of 50 sccm for 10 min. 

Then, TiN films were deposited at a fixed working pressure of 0.4 Pa by applying 550 W to 

the Ti target for 180 min. The rotation of the substrate-holder was set at 10 rpm. The 

deposition conditions were summarized in Table III. 1: 

Table III.1. Deposition conditions for TiN films deposited with different nitrogen percentages. 

Percentage (Ar, N2)  (30 %, 70 %), (75 %, 25 %), (80 %, 20 %), (85 %, 15 

%), (90 %, 10 %), (95 %, 5 %),  (100 %, 0 %), 

Applied Tension  to Ti Target  -900 V 

Distance Target-substrate 100 mm 

Time  180 mn. 

Pressure  0.4 Pa. 

Etching (Si(100), glass, Ti6Al4V) 5 mn 

Ti-interlayer  150  W, Ar (50 sccm), 10 min,0.4 Pa. 

III.2. TiN structure presentation  

 Figure III.1 show the face-centred cubic crystal lattice of TiN (rocksalt-TiN) 

optimized from simulation. The atomic positions for Ti atoms are (0,0,0), (0,1/2,1/2), 

(1/2,0,1/2) and (1/2,1/2,0) while (1/2,1/2,1/2), (1/2,0,0), (0,1/2,0), ) and (0,0,1/2) for N atoms. 

The lattice parameter obtained from DFT calculation is a= 4.255 Å. It is interesting to note 

that our calculated lattice constant is slightly higher than the previous calculated values (4.242 

and 4.210 Å) by S.Yu et al. [14], and G. Sai Gautamet al. [15]. 
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Figure III.1. Schematic view of the FCC-TiN atomic configuration. 

 

III.3. Elemental chemical composition 

(EDS, WDS) and XPS analyses were carried out on these coatings to specify their chemical 

composition. Table III.2 shows the chemical composition of TiN films deposited under 

various nitrogen flow rates. We can see that the XPS chemical concentration is close to that 

obtained by (EDS, WDS).  

A low N/Ti ratio of (0.17) corresponding to 5 % of N2 , and we noticed the existence of higher 

concentration of Ti and a lower nitrogen content as obtained in previous work for TiN 

coatings [16]. The increase in the N2 flow rate from 5 to 30 % , resulting a gradual increase in 

the nitrogen content from 14 to 54 at.% and a decrease of titanium content from 83 to 43 at.%. 

The decrease of titanium with the addition of nitrogen was earlier declared for TiN coatings in 

our previous work [17],  and also for  S. Grosso et al. [9] . The stoichiometric data for the TiN 

phase confirmed by the obtained N/Ti ratio that ranged between 0.98-1.04. N. Arshi et al. [18] 

showed that the N/Ti ratio in the TiNX film initial increased and then decreased with 

increasing argon flow rate. The stoichiometry of the TiN films taken by (EDS; WDS) was 

found to be 0.2, 1, 0.98, and 0.7 at argon flow of 5, 10, 15, and 20 %, respectively. A lower 

amount of oxygen in the range of 2-5 at.% (Table III.2) was detected for all TiN thin films,  

because of  the residual oxygen in the vacuum chamber and the affinity of Ti with oxygen 

(during deposition or post-deposition).   
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Table III.2. Chemical composition and structural properties of the TiN films 

 

In order to verify the results acquired by EDS analysis of the chemical composition were 

carried out by XPS. Before the analysis, the argon etching was applied on whole samples to 

remove the surface oxide and superficial contaminant in films. Figure III.2 shows typical XPS 

spectra Ti2p and N1s core levels of thin films prepared at different nitrogen flow rates. At 10 

% N2, the Ti2p(3/2, 1/2) corresponding to TiN is located at about 457.9and 459.43 eV [19] (Fig. 

III.2.a). 

 The N1s spectrum is located at a binding energy of 397.10 eV (Fig. III.2.b). Through 

Gaussian fitting analysis, peaks at 396.45 and 397.18 eV correspond to Ti-N bond [20]. At 20 

% of N2, we notice a significant decrease in the Ti2p and N1s spectra intensities and changes 

in the Ti area shape with a negative shift of Ti2p. These changes suggest that Ti-N bond exists 

in the films and the percentage of TiN phase increases with increasing N content. On the other 

hand, the N1s peak gradually increases, indicating that the number of Ti-N bonds increases 

gradually because of the large number of N atoms occupying the interstitial sites. Titanium is 

represented by a large area, which means three main states of Ti-N (456.18, 457.41 eV) and 

Ti-O (458.30 eV) [21] corresponding to TiN and TiO2 (Fig. III.2.c). The N1s spectra, shown 

at 396.6 and 397.80 eV (Fig. III.2.d), can be assigned to Ti-N and Ti-O-N bonding energies of 

titanium nitride and oxide phases [22].  

These results mean that titanium nitride and oxide coexist in the film. This indicates that the 

Ti-N binding is strongly formed in the Ti-N films with increasing of nitrogen content and 

N2 partial 

pressure 

Pa 

N2 gas flow 

 

Chemical composition 

at.% 

 

Film thickness 

μm 

Lattice strain 

% 

Grain size 

nm 

   N Ti O N/Ti     

0 0  0 97 3 0  1.80 0.0303 87 

0.02 5  14 83 3 0.16  1.65 0.0252 80 

0.04 10  21 74 5 0.28  1.54 0.8402 79  

0.06 15  32 65 3 0.49  1.45 0.6369 77 

0.08 20  48 49 3 0.98  1.26 0.7662 64 

0.10 25  50 48 2 1.04  1.10 0.7920 75 

0.12 30  54 43 2 1.26  0.97 0.5360 79 
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confirms the presence of titanium nitride phase in films deposited at high nitrogen flow rate. 

Y.L. Jeyachandran et al. [23] found that the XPS survey spectra of the films of thickness 42–

153 nm prepared at the 0.5 % of N2 concentration exhibited a characteristic Ti2p, O1s, and 

N1s peaks at 528.2, 456.5, and 396.2 eV, respectively. 

Despite the very little content of oxygen, the Ti-O binding energy appeared in the XPS 

spectra. All Ti-N thin films contained a low amount of oxygen in the range of (2-5) at.%. At 

10 % N2, the high titanium concentration in the TiN film hides the appearance of the oxygen 

bond (Ti-O) in front of the titanium and nitrogen. However, with increasing the nitrogen flow 

rate, both titanium concentration and film density gradually decrease that facilitate the 

mobility of the oxygen atoms to take place of nitrogen during deposition and favourites the 

formation of Ti-O and Ti-O-N binding energies. 

 

Figure III.2. XPS spectra of TiN films deposited at 10, and at 20 %N2: a) Ti2p , b) N1s,c) Ti2p , d) 

N1s. 
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III.4. Crystalline structure 

 XRD analysis were performed on TiN films deposited on Si (100) in order to 

determine the crystal structure and deferent phases present in the titanium nitride thin films as 

function of nitrogen content as shown in Figure III.3. Very sharp diffraction peaks of 𝛼-

(Ti+N) and Ti2N at 40.8°, 43.1°, 44.7°, and 46.7°of TiN thin film deposited at a low nitrogen 

flow rate of 5 %, suggests that the film possessed a low strain (ɛ = 0.0252), and a slight 

decrease in the lattice parameter (aTiN= 0.4205 nm). For the TiN films with a nitrogen content 

in the range of 21–32 at.% (corresponding to 10 and 15 % of N2), X ray diffraction patterns  

present peaks at 36.85°, 42.19°, 61.88°, and 74.01° corresponding to (111), (200), (220) and 

(311) planes of the FCC-TiN phase. The peaks at 40.84°, 43.01°, and 78.80° correspond 

respectively to the (111), (200), and (220) planes of a tetragonal-Ti2N phase. At 20 % N2 (48 

at.% of nitrogen), the TiN film exhibits (111) plane growth direction with a regular reduction 

of the (200) diffraction peak. It is known in reactive sputtering that the deposition rate 

commonly decreases drastically at a high adequately partial pressure level of the active gas to 

form a compound on the target surface identified as the poisoning of target phenomena [24], 

that could be justify the small diffraction peaks obtained for films deposited at significant N 

content (at 30 at.% of nitrogen) with a decrease in deposition rate, which is observed in other 

binary transition metal nitrides [25, 26]. 

 

 

 

 

 

 

 

Figure III. 3.  XRD patterns of the TiN films deposited at: a) 5 %N2,, b) 10 %N2, c) 15 %N2 , d) 20 

%N2 , and e) 30 %N2 
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It has been noted that the intensity and the lattice strain of the predominant (111) plane 

increase by increasing nitrogen content. The lattice constant slightly increases when the N 

atoms can preferentially take the interstitial sites of TiN lattice [18, 27, 28]. D. Munteanu et 

al. [29] found that XRD diffraction patterns of the TiNx films, deposited by reactive D.C 

magnetron sputtering, on the polished (AISI M2) high-speed steel by varying nitrogen content 

from 0 and 55 at.%, exhibited the growth of the hexagonal α-TiN phase with strong (002) 

orientation for low nitrogen rate when the N atoms are distributed into octahedral sites. For 

nitrogen content ranged between 20 and 30 at.% they noticed the appearance of the ε-Ti2N 

phase with (200) orientation. More raising the nitrogen content, the δ-TiN phase was 

obtained. 

Other hind, TiNx films obtained by Y.L. Jeyachandran et al. [23] at a pressure of 0.5 Pa,  

showed the presence of mixture with oxynitride (TiOxNy), and oxide (TiO2) phases at low 

nitrogen flow rate. The crystalline films presented reflections corresponding to the (111), 

(200), and (220) orientation of the Golden-colored stoichiometric of cubic-TiNat high 

nitrogen flow rate. 

Using the FWHM, we can determine the average crystallite size of TiN phase with the 

help of Scherrer’s equation [29-31]. Figure III.4 illustrates the evolution of 1/β versus cosθ 

for the TiN phase. We noticed that the value of 1/β increases with the increasing cos θ values. 

As known as the Scherer plot, the average crystallite size can be calculated from the slope of 

the graph, which was found 80 nm in the film deposited at low nitrogen flow rate of 5%. 

Generally, we found that the average crystallite size of TiN phase was between 39.01 and 

34.12 nm, which is in agreement with the results reported by X. S. Wan et al. [32] for the CrN 

coatings. According to D. Munteanu, et al. [33] at a moderate percentage of Nitrogen between 

20 and 30 at.%, the diffraction peaks become broader indicating that small sizes grains and 

high micro strains are developed. 

F. Eistner et al. [34] prepared Titanium nitride layers on silicon substrates by 

magnetron sputtering at a constant temperature of 200 °C and working nitrogen partial 

pressures (PN2) varied from 0.001 to 0.36 Pa. The crystallite size reduced from 80 down to 64 

nm when the amount of nitrogen increased from 14 to 48 at.%. In contrast crystallite size of 

TiN thin films reported by A. Gelali et al. [35] was found to increase rapidly from 25.66 

to51.30 nm with increasing substrate temperature from 200 to 400°C. 
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Figure III.4. Scherrer plot for TiN films deposited at: a) 5 %N2,b) 10 %N2, c) 15 %N2, and d) 20 

%N2 

III.5. Morphology 

SEM and AFM are good complementary techniques used to determine the 

morphology and the roughness of hard thin films. Figure III.5 shows the morphology of the 

TiN films deposited under 10, 15, 20 and 30 % of N2. It can be seen that both Ti under layer 

and Ti-N film exhibited columnar structure. Approximately, the large columnar grains have 

about 100 nm of width in pure Ti layer, which is larger than that in the TiN. 

  

A notable deference in surface roughness, typical surface, cross-section images and 

topography of the films deposited at different N2. The main film's characteristics, such as 

thickness and crystallite size are arranged in Table III.2. The TiN film showed a columnar and 

packed structure consisting of well-separated grains with obviously a spherical form at 10 % 

of N2. A  rough and domed form (Ra = 12 nm) is related to the transition zone between T and 

I zones of Andres’s structural zone model [36]. This is owing to the mutual interference of the 

intermediate Ti2N and TiN phases. A reduction in surface roughness was detected (Ra = 5 

nm.) with increasing nitrogen content in TiN film lead to a decrease in grain size due to the 

dense structure and the smooth surface. K. Chakrabarti et al. [37] found that the based TiN 

films fabricated at nitrogen flow rates of 10 and 20 sccm showed a decrease in the  roughness 

from 2.3to 1.8 nm, respectively, due to the existence of more nuclei [38]. 
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Besides, at high nitrogen flow rate, the deposited TiN thin films containing high 

Nitrogen showed a slight decrease in film thickness, this reduction accompanied with a 

decrease in the deposition rate generated by the less ionization and sputtering yield of N2. 

Moreover, the target poisoning effect in reactive sputtering decreased the deposition rate 

[39].The same phenomena was noticed by Y. W Lin et al. [40] for (Ti,Zr)N film produced 

using R.F magnetron sputtering system, were films thickness reduced from 403 to 147 nm 

when N2 ration increases from  1 to 7 sccm. J.H. Huang et al. [41] found that the 

nanocrystalline TiN films deposited on Si(100) wafers by means of unbalanced magnetron 

sputtering system, showed variation in film thickness as varying nitrogen flow rate ranging 

were thickness changed from 253 to 140 nm, for Nitrogen flow rate changed from 0.25 to 

1.75 sccm. This decrease accompanied with significant reduce in deposition rate from 6.3 to 

3.5 nm/min. N. Arshiet al. [18] found that the grain size along the sample surface showed a 

sharp decrease from 22 to 17 nm as the argon flow rate increased from 0 to 9 sccm.  

Nevertheless, at elevated nitrogen flow rate (30 % N2), the surface roughness increased 

to the average Ra = 11 nm with a columnar structure corresponds to the transition zone 

between T and I zones of Andres’s structural zone model [36]. A columnar-type structure 

morphology for all films was reported by D. Munteanu, et al. [33], lying in the transition zone 

between T and I zones, as the N content increases the columns become thicker (in the 

columnar structure zone). The surface's roughness showed a decrease with the increase in the 

N content. The refinement in grain size illustrates the detected densification of the originally 

columnar coating structure as well as the smoothening of the surface. 
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Figure III.5. (2D, 3D) AFM and cross section SEM images of the TiN films deposited at: a) 10 %N2, 

b) 15 %N2, c) 20 %N2, and d) 30 %N2 
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III.6. Wetting behavior and surface tension investigations of TiN films  

The wetting of ceramics by liquids is an important aspect of many materials 

technologies. The wettability of solids by liquids is conventionally described by the 

equilibrium contact angle  which encloses the liquid surface and solid-liquid interface. The 

angle  is defined by the Young equation relating it to the characteristic interfacial energy of 

the system as mentioned in [42] Chapter II . 

 In this study, we adopted on the method of contact angle to estimate the interaction 

between droplet water and film surface. Samples were cleansed with ethanol in an ultrasonic 

bath for 10min. The contact angles of droplets water falling on the TiN films, deposited on 

glass substrates, were calculated at ambient temperature. Figure III.5 shows the variation of 

the film hydrophobicity and wettability as a function of the nitrogen flow rates. As we see, the 

initial contact angles between water-droplets and film surfaces deposited at different N2 flow 

rates of 0, 10, 15, 20 and 30 % were 57.6°, 86.4°, 94.6°,108.3°, and70.1°, respectively.        

All contact angles were about zero, after approximately one minute of exposure time. Those 

issues clearly demonstrated that the films deposited between 10 and 20 % N2 showed a high 

degree of wettability and its hydrophobicity developed with the rise of the nitrogen content in 

the film.  

We assume that increasing the nitrogen flow rate in plasma from 20 to 30 % led to a 

decrease in the contact angle from 108° to 70° corresponding to the surface tension change 

from 18.8mN/m to 11.2mN/m, due to the low surface roughness (Fig. III.7). The surface 

tension decreases when the growth mode changes from smooth to rough surface. Accordingly, 

the main plane is determined by the critical competition between the film growth and the 

surface tension, which could be interesting for certain applications. S. C. Liao, et al. [43] 

found that TiN (80 nm) deposited on medical grade Ti6Al4V substrate using a reactive 

HiPIMS technique with the electrode distance and the N2/Ar flow 2/35, a contact angle of 

73.2° ± 0.8. 
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V. Karagkiozaki et al. [44] confirms that the stoichiometric ratio and surface roughness 

of TiNx films have an effect on its wetting proprieties, indicating  that the TiNx films grown 

by D.C reactive magnetron sputtering on Si (100) wafers were hydrophilic. Also, same 

behaviors was detected for other transition metal nitrides were  P. Pateletet al. [45] declared 

that Zirconium nitride thin films deposited at (Ar:N2) gas ratio of (20:20) sccm by magnetron 

sputtering showed a high contact angle of 99.5° which confirms that the produced film has a 

hydrophobic property.  

 

 

 

 

 

 

 

 

 

 

 

Figure III.6. Evolution of wetting proprieties of TiN films during the deposition at: a) 5 %N2, b) 10 

%N2, c) 15 %N2, d) 20 %N2, and e) 30 %N2. 
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Figure III.7. Surface roughness and surface tension for water-droplets of TiN deposited at different 

N2 flow rates. 

III.7. Mechanical properties  

III.7.1. Residual stress 

The energy of the condensing species during a physical vapor deposition procedure is 

the most influential single parameter which specifies growth at thermal energies of smaller 

than 1 eV typically produces films under tensile stress, while deposition at energies of some 

tens of eV normally delivers films under compressive stress [46]. 

The residual stresses formed in the TiN films sputtered under various nitrogen flow 

rates, shown in Figure III.8. Tensile residual stress of 0.80 GPa was obtained for the pure 

titanium film. A raise in the compressive residual stress accompanied with increasing nitrogen 

flow rate from 5 to 30 % N2.  The change from tensile to compressive residual stress is 

associated with the growth mechanism and the microstructure. It can be seen from Figure 

III.3 and Table III.1, the shifts in the predominant plan and the reduction of grain size play an 

important role in the evolution of residual stress. The decrease in grain with the increase of 

nitrogen content and (111) TiN became the predominant plane, which is the close-packed 

plane having the highest surface energy [30, 47]. The crystal densification impact and the 

influence of competitive grains growth with diverse orientations generated the change from 

tensile-to-compressive transition [30]. The dens films structure acquired from the ordinance 
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of atoms in the interstitial sites and annihilation of defects accompanied by the increase in 

nitrogen content. From the other side, the insertion of additional atoms in the film becomes 

more hard  with small grains, thus tensile stress drops and slowly converts to compressive 

stress [48]. 

The films sputtered at 5 % N2 showed compressive stress of -0.49 GPa, which increased 

continually to achieve the highest value of –2 GPa in the films sputtered in the range from 15 

– 20 % of N2 (Fig. III.8).The same phenomena were observed by F. Vaz et al. [49] for TiNx 

thin films prepared by D.C. reactive magnetron sputtering, the increase in nitrogen content 

from 30 to 55 at.% followed by lattice distortion and the formation of the 𝛅-Ti phase offered 

an increase in residual stresses and thus a better stable and energetically favorable structure is 

expected. However, residual stress reduced down to -1.8 GPa with increasing nitrogen flow 

rate more than 20 %. This decrease is due to the increase in the grain size, which leads to the 

enhancement of the atom movement and the relaxation of the structure density [50, 51]. 

J.-H. Huang et al. [41] found that for all nitrogen flow rates, TiN thin films possess a high 

residual stress ranged from 8.1 to 10.1 GPa, showing that the  increasing of residual stress is 

expected to ion bombard that affected lattice defects, the high residual stress, which indicates 

high defect density. 

 

 

 

 

 

 

 

Figure III.8. Evolution of residual stress generated in the TiN films deposited  at different N2 flow 

rates. 

 

0 5 10 15 20 25 30
-2.5

-2.0

-1.5

-1.0

Tensile stress 

TiN

Ti2N+ TiN

Ti+Ti2N

Ti

 

 

R
e
s
id

u
a
l 
s
tr

e
s
s
 (

G
P

a
)

% N2 

Compresive stress 

1.0

0.5

0

-0.5



Chapter III          Structure, surface topography and tribo-mechanical behavior of TiN thin films  

 

 
108 

III.7.2.  Nanoindentation measurements  

Nanoindentation tests were carried out on TiN films coatings deposited on glass 

substrates. Hardness (H), Young’s modulus (E), (H/E), and (H
3
/E

2
) of TiN films as a function 

of the nitrogen flow rates are presented in Figure III.9. Thus, the hardness and Young’s 

modulus of films, deposited at ≤ 5 % of N2 are relatively low because of the low density of 

structure. Increasing the nitrogen content, H and E of TiN films increased significantly. 

Increasing nitrogen content, H and E of TiN films notably enhanced. At 20 % of N2 films 

exhibited the highest hardness and Young’s modulus of (27.78 ± 0.11) GPa and (304.8 ± 

10.6) GPa, respectively, due to the fine grain size,  lower roughness, and increased 

compressive residual stress which blocks the dislocation and thus strengthens the coatings, 

according to the Hall-Petch relation [52].  

The large amount of the interstitial located nitrogen in the titanium matrix (about 48.5 at.%) 

led to form new hard compounds and solid solutions in the structure and generated high strain 

due to the lattice distortion [53] (TableIII.1). Nonetheless, the results showed clearly that the 

main hardening mechanism was related to the nitrogen concentration. However, when the 

nitrogen flow rate increased above 25 %, the decrease in the coating hardness was mostly 

caused by the reduction of film thickness (from 1.26 to 0.97 μm). The pollution of the Ti 

target during the deposition process could contribute to this softening behavior.  

Moreover, the increase of the crystallite size (from 17 to 37 nm) and the stress 

relaxation (-1.8 GPa) seem to have a negative effect on the mechanical properties. D. 

Munteanu et al. [33] found that the increase in nitrogen content makes the films of TiNx 

samples deposited by reactive D.C magnetron sputtering, onto polished high-speed steel (AISI 

M2) and silicon substrates convert harder, where the hardness value ranges from about 8 GPa 

for pure titanium, up to 27 GPa for an optimal nitrogen content of 30 at.% (Fig. III.9.a).  

Correlated that increase in hardness to lattice distortions affect the reduction in dislocations 

motion. The two harder samples are those that seem to reveal the presence of the ε-Ti2N phase 

which play as a hardening factor, corresponding to 20 and 30 at.% N, where the initial 

hardening for the lowest N contents is the result of the distortion in the α-Ti lattice, due to N 

incorporation. 
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Y.-W. Lin et al. [40] reported that the hardness of spurted nanostructured based TiN thin films 

by radio frequency magnetron sputtering increase from 17.1 GPa  at 1 sccm to a maximum 

value of 37.5 GPa at 4 sccm following the decrease in grain size from 19 to9nm then the 

hardness decrease to 24.4 GPa at 7 sccm with the increase of grain size to 12 nm. Assume that 

the improved hardness delivered by based TiN coatings is from the solid solution 

strengthening mechanism. 

Other hind, the hardness is strongly related to the strength covalent (N-O) and ionic 

(Ti-N, Ti-O-N) binging energies that formed in the crystals. The hard materials films are 

influenced strongly by microstructure of nano-composites. The density of defects influences 

the texture and mechanical properties of the film. Hardness increases as the nitrogen flow rate 

is increased because it led to the generation of larger number of point defects. The high (111) 

textured film shows lower grain size, thus increasing the hardness. So, the high textured films 

may have dense structure, high residual stress, high activation energy and higher resistance to 

deformation when a load is applied suggesting that the hardness could increase with 

increasing the degree of texture in film [54]. Earlier studies reported that (111) is the hardest 

plane with TiN binding energy formed in the TiN film due to geometrical strengthening, 

hardness is supposed to increase as the (111) plane intensity increases [55]. 

The H and E values were used to determine H/E and H
3
/E

2 
ratios (Fig. III.9.b)  [38, 

40] that is useful to predict the wear behavior and toughness characteristics of coatings, 

respectively. The minimum values of H/E = 0.0213 and H
3
/E

2
 = 0.0028 GPa were obtained 

for the coating deposited at low nitrogen flow rate of 5%, indicating a low plasticity index and 

a poor resistance to plastic deformation, in agreement with other studies on TiN films [56, 57] 

According to evolution of hardness and Young’s modulus, the increase of nitrogen 

content led to an increase in the H/E and H
3
/E

2 
values. The TiN film deposited under 20% of 

N2 flow rate presents the maximum values of H/E and H
3
/E

2
, 0.0888 and 0.2144 GPa, 

respectively. This is because of the high dense columnar coalescence, and the (111) 

predominate and the perfection of fiber texture of the densest packed plane. From Figure III. 

7, we can see that there is a direct relation between the plastic strain and the film hardness. 

Then, films with higher (H
3
/E

2
) and (H/E) ratios are more resistant to deformation. However, 

at higher nitrogen flow rate, the lower degree of film texture led to a low crystallographic 

texture by the existence of (200) and (220) peaks in parallel with a predominate (111) peak 
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and a low number of grain boundaries the decrease in the deposition rate, the both ion 

bombardment and the formation energy. 

 D.D. Kumar et al. [58] found that the nanocrystalline titanium nitride (TiN) thin films 

deposited on Si (100) substrates with reactive DC magnetron sputtering presented a low H
3
/E

2 

value of 0.041 for 1 sccm. Further increase in nitrogen content led to an increase in the H/E 

and H
3
/E

2
 values. The TiN film deposited under 20 % of the N2 flow rate displays the highest 

values of H/E and H
3
/E

2 
, 0.0888 and 0.2144 GPa, respectively, is expected to the high dense 

columnar coalescence, the (111) predominance, and the perfection of fiber texture of the 

densest packed plane. 

The direct correlation between the plastic strain and the hardness of the film are shown 

in Figure III.9. So, films with elevated elastoplastic ratio (H
3
/E

2
 and H/E) are further resistant 

to deformation. On the other hand, at a higher nitrogen flow rate of 20 % N2, the lower degree 

of film texture led to a low crystallographic texture by the existence of (200) and (220) planes 

in parallel with a predominate (111) plane and a base number of grain boundaries. The high 

amount of nitrogen injected in the deposition chamber led to a reduction in Ar ion 

bombardment energy and consequently the velocity of film growth (deposition rate) [59]. 
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Figure III.9.a) Hardness and Young’s modulus, b) (H/E) and (H
3
/E

2
) of TiN films as a 

function of the N2 flow rates 
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III.8. Tribological properties  

III.8.1. Friction coefficient 

In recent decades, the use of hard anti-wear coatings received a growing interest in 

improving the functional properties of engineering materials, wear leads to degradation 

performance or damage to components. Separating the surfaces by the lubricant layer offer 

lower coefficients of friction delivers enhanced performance and service life while 

eliminating the need for wet lubricants in operating environments that demand resistance to 

heat, chemicals, or cleanroom requirements. 

The evolution of the coefficient of friction (COF) and wear rate of the coatings deposited 

at deferent nitrogen flow rate are shown in Figure III.10. At a low nitrogen flow rate ≤ 5 %, 

the TiN film presented both highest friction coefficient (0.84 ± 0.06) and wear rate (8.5 ×10
-

5
mm

3
/Nm) (Fig. III.10.a.b). The high COF is affected by the insufficient adhesion acting at 

the interface between the TiN coating and the substrate.  We observe that films at nitrogen 

flow rate of 20 %, containing 48 at. % of nitrogen, revealed the lowest both friction 

coefficient of ~ 0.42 (± 0.06) and wear rate (2.7 ×10
-5

mm
3
/Nm)  because of the good 

structural features; refinement in grain size a dense columnar structure .These arguments are 

confirmed by the XRD data, which revealed mainly TiN peaks that were broad with high 

intensity, suggesting an extremely small grain size. Another reason to suggest that the TiN 

film deposited at 20 sccm of nitrogen flow rate was predominantly hard ionic Ti-N binding 

energy. 

The formation of oxides on the worn surfaces of the TiN coating that play a lubricant 

role between the two counterparts and controlled adhesion phenomena [60]. Furthermore, the 

existence of (111) TiN predominate plane in the film which reported to have high hardness. 

According to A. Azushima et al. [61] the friction coefficient of TiN coatings with (111) 

preferred grain orientation is lower than those of TiN coatings with (200) preferred grain 

orientation. Y.  Tanno et al. [62] have studied the influence of the grain preferred orientations 

on the friction coefficient of titanium nitride-based coatings. The TiN films with (111) 

preferential plan presented a low friction coefficient value of ~ 0.2. In another study on the 

tribological properties of the TiN coatings deposited on high-speed steel at low temperature 

(150 °C), M.  Ali et al. [63] have reported that the friction coefficient was 0.55. Comparing to 



Chapter III          Structure, surface topography and tribo-mechanical behavior of TiN thin films  

 

 
113 

these previous works, the friction coefficient values were in the range of 0.36-0.84. In some 

cases, the friction coefficient is even lower than that of the conventional PVD TiN coatings 

[59, 63]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.10.a) Friction coefficients, and b) Wear rates of the TiN thin films deposited at different N2 

flow rates. 
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III.8.2.      Adhesion  

The film-to-substrate adhesion strength was estimated quantitatively utilizing a scratch 

tester and the wear tracks on the coatings were checked by an optical microscope as presented 

in Figure III.11. In the scratch test, critical loads (Lc1 and Lc2) could be used to measure the 

adhesion strength. Two critical loads are described: the cohesive failure critical load (Lc1), the 

initiation of cracking in the coatings, and the adhesion failure critical load (Lc2), which 

presents the adhesion strength of films. 

It is clear from Figure III.11 that the critical loads accompanied with an opposite trend 

as the friction coefficient. The TiN film with lowest nitrogen amount (14.3 at.%) wore out 

easily and delaminated from the substrate at the edges of the scratch track with a large amount 

of oxygen (12.5 at.%). This is the initial stage of the cohesive rupture of the film which is 

linked to its high friction coefficient (Fig. III.11.a). The cohesive failure occurred at a low 

value of 7 N; these kinds of cracks are associated with a soft coating and the lowest value of 

H/E ratio (0.074) that exhibited a poor wear resistance [64]. 

For the TiN films deposited between 10 and 15 % of nitrogen flow rate, their wear 

resistance is slightly improved and the wear pasts the middle of the track onto the edge of the 

coating at higher applied loads (27 ± 1 N and 38 N, respectively). The removal flakes 

appeared more complete at several areas of the substrate with a high content of nitrogen (39 

at.%) (Fig. III.11.b. c). One can notice that the wear resistance of the hard TiN coatings was 

higher than that of the other relatively soft coatings. This feature was observed for the TiN 

coating deposited at 20 % of N2 flow rate where the wear track did not reveal any cracks or 

delamination and the highest critical loads were Lc1= 14 N and Lc2 = 44 N (Fig. III.11.d). The 

best wear resistance of TiN film with high nitrogen content is directly related to the 

morphology and structure of TiN films [65]. 

A dense and smooth surface has less asperity as compared to porous coatings which result in 

better interlocking and adhesion. On the other hand, coating deposited at 20 % of nitrogen 

flow rate was found to achieve the desired combination of hardness (27.78 GPa) , low 

roughness (4.8 nm), and good wear resistance with higher H/E (0.0888) that show lower 

plasticity index and best resistance, in agreement with other previous [56, 66] studies. The 

TiN film deposited at 20 % N2 having a low thickness presented the highest hardness and 
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critical loads and lowest friction coefficient. Consequently, it can be predicted that a film with 

a low thickness has a higher adhesion to the substrate and better resistance to failure. 

However, for the films deposited at a higher nitrogen flow rate (up to 25 %), there was larger 

debris on the edges of the track in the primary failure (Lc1 = 11N), while a full failure of the 

TiN films performed at higher critical load (32 N) due to the limited substrate-film cohesion 

(Fig. III.11e). These noticed failures might be originated from the small film thickness and the 

deference in mechanical properties between the deposited film and substrate [67]. The higher 

hardness correlated with the more diminutive grains increases the resistance to plastic 

deformation that results gave an enhancement in adhesion of TiN film. The failure of the film 

could be mainly affected by the high compressive stress. According to S. Zhang et al. [68] 

TiN thin films deposited at the ratio of 1:1 (Ar/N2) gave a suitable COF (0.12) and the best 

wear resistance, which are the best coating TiN thin film condition; due to the dense columnar 

structure and low surface roughness.  
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Figure III. 11. Micrographs of scratch tracks performed on the TiN coatings deposited at: a) 5%N2, b) 

10%N2, c) 15%N2, d) 20 %N2and e) 25 %N2. 
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III.9. Conclusion  

In this chapter, structure, surface morphology and tribo-mechanical behavior of TiN 

thin films produced by reactive magnetron sputtering technique at various nitrogen flow rates 

have been investigated: 

XRD analysis revealed that the film phases transformed from (Ti+N) to Ti2N and TiN 

with increasing nitrogen content. 

The increase in the nitrogen content in the TiN films followed by the diffraction peaks 

shifted to lower 2θ angles with a (111) TiN preferential orientation indicating the existence of 

compressive residual stress, a reduction in the film thickness and grain  refinement. 

The measurements of contact angles between water-droplets and TiN film surfaces showed 

that all films had a high wettability and increasing the nitrogen content in film led to increase 

its surface hydrophobicity. This can be related to the enhancement of surface softness as 

mentioned by the AFM and SEM images.  

Nanoindentation measurements showed that hardness and Young’s modulus of the coatings 

exhibited an increase from (7.1 GPa, 195.2 GPa) to (27.78 GPa, 304.8 GPa) when nitrogen 

flow rate was varied from 5 to 20 %, respectively. Consequently, the both ratios increased 

H/E from 0.074 to 0.101 GPa and H
3
/E

2 
from 0.095 to 0.244 GPa. Increasing the nitrogen 

content up to 48.5 at.% in film led to enhance its hardness, elasticity modulus, resistance to 

plastic deformation and toughness.  

The tribological tests showed that the lowest friction coefficient of ~ 0.36 and the best 

adhesion were obtained for the TiN coating deposited at 20 % of N2 flow rate (film containing 

48.5 at.% of nitrogen). This last configuration was confirmed as the best one and the addition 

of more nitrogen led to slightly decrease these properties.  
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IV. 1. Introduction 

Despite the outstanding proprieties of binary TiN films, much of the problems associated 

with this system, production has been the need to improve their properties by studying the 

effect of different parameters like voltage, pressure and temperatures. Recently, TiMN (M=B, 

Al, C, Si, Zr) [1-5] nanocomposite coatings with higher hardness, excellent tribo-mechanical 

properties, improved stabilization and higher oxidation resistance have been developed and 

investigated. Many researchers reported that the addition of specific elementsto TiN matrix 

could enhance the system properties [6, 7]. However, the effect of Zr on the structural and 

mechanical properties of TiN films was less researched compared with other elements, and it 

shows specific properties, like the high melting point, high refractoriness, biocompatibility 

with the human body, and good oxidation resistance. 

 Zr has a larger radius (0.158 nm) than Ti (0.147 nm), which may induce higher 

distortion in TiN crystal. Otherwise, the cooperation of Zr in the TiN film results in the super 

saturated solid solutions with a high hardness because it has high affinity with N element [8-

11]. The (Ti,Zr)N coating shows an enhanced hardness compared with the binary TiN and ZrN 

coatings deposited under the equivalent conditions [12]. This increased hardness shown by 

(Ti,Zr)N coatings is due to a solid solution strengthening mechanism. Moreover, early studies 

on the effects of zirconium implantation on TiN coatings have shown improved wear 

resistance, but also high hardness and golden colour. 

 In this chapter, we are interested about the structure, wetting mechanical and 

tribological caracterization of TiZrN films deposited at different zirconium sputtering current. 

TiZrN films with various Zr contents were deposited onto Si (100) and XC100 steel substrates 

using a R.F reactive magnetron sputtering system (DEPHI Coating Limited) with tow high 

purity Ti (99.99 %, 103.2 mm diameter × 3.2 mm length) and Zr (99.99 %, 3.2 mm diameter× 

3.2 mm length) targets in a mixture of (Ar + N2) gases with 80 and 20 sccm, respectively, 

which ensured a constant work pressure of 0.4 Pa. Mixtures (Ar-N2) were used as sputtering 

and reactive gases.  

The films on Si (100) (20 mm × 20 mm) wafers were used in the XPS, EDS, SEM and 

wettability. While the films on XC100 steel substrates were deposited for XRD, 

nanoindentation and tribological tests. The substrates were ultrasonically cleaned in acetone, 
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dried and then mounted 100 mm above the target on a rotating (10 r/min) substrate holder in 

the deposition chamber, which was evacuated to a base pressure of 6 ×10
-4

 Pa. 

Prior to deposition, the substrates were cleaned by Ar
+
 bombardment at 0.1 Pa using a 

voltage of -700 V at a frequency of 250 kHz for 10 min. An additional, targets were sputter 

cleaned in Ar
+
 using a current of 1 A for 10 min to removal the surface oxides and impurities. 

Prior deposition, a pure Ti layer for 10 min was deposited to enhance the film adhesion 

strength between the substrate and the film, and the Ti target current was kept at 2 A, while the 

Zr target current was varied from 0 to 2 A in order to acquire films with varied Zr 

concentrations. The deposit time was kept at 180 min. More detailed of deposition parameters 

are presented in Table IV.1. 

TableIV.1.Detailed deposition parameters as-deposited of TiZrN films 

IV. 2. Structure, wettability, mechanical and tribological properties of TiZrN Films 

IV.2.1. Effect of Zr content on Structure of TiZrN films 

Figure IV.1 shows the face-centered cubic crystal lattice of TiN (fcc-rocksalt-TiN) 

optimized from WN2K simulation by using GGA-PBE approximation. The atomic positions 

for Ti atoms are (0,0,0), (0,1/2,1/2), (1/2,0,1/2) and (1/2,1/2,0), while, (1/2,0,0), (0,1/2,0), 

(0,0,1/2) and (1/2,1/2,1/2) for N atomes. The Zr atoms takes progressively  the substututional 

position of the Ti in the TiN crystal lattice by increasing its concentration.  The lattice 

parameter obtained from DFT calculation is a= 4.255 Å.  It is interesting to note that our 

calculated lattice constant and the equilibrium energy increased with increasing the Zr content 

from (4.262Å,   -24727.004 eV) of the pure TiN from to (4.454 Å, -62079.903 eV) Ti0.5Zr0.5N, 

which confirm the stability of the solid solution phase. 

Coatings Current (A) Voltage (V)  (Ar/N2)Flow 

(sccm) 

Pressure 

(Pa) 

Deposition 

Time (min) 

 Ti Zr Ti Zr  

Etching 1 1 700 700  80/0 0.1 10 

Ti layer 1 0 700 -  80/0 0.4 10 

TiN 2 0 900 -  80/20 0.4 180 

TiZrN 2 0.5-2 900 200-900  80/20 0.4 180 
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Figure IV.1.  Schematic presentation of TiZN structure with different Zr content calculated by 

GGA-PBE approximation. 

Table IV. 2. a) The lattice constant, and b) the Equilibrium energy as a function of Zr concentration 

calculated by GGA-PBE approximation. 

 

(at. %) Coatings a (Å) 
Equilibrium energy             

E0 (eV)   

Formation energy 

ΔEf(eV/atom) 

x=0 (0 %) Ti1-xZrxN 4.262 -24727.004 -18.357 

x=0.125 (12.5 %) Ti0.875Zr0.125N 4.320 -34065.213 -18.365 

x=0.25 (25 %) Ti0.75Zr0.25N 4.374 -43403.423 -18.374 

x=0.375 (37.5 %) Ti0.625Zr0.375N 4.401 -52741.649 -18.400 

x=0.5(50 %) Ti0.5Zr0.5N 4.454 -62079.903 -18.453 

For our experimental part, the chemical composition analysis by EDS was carried out 

after each deposition to determine chemical elements of the deposited TiZrN films under 

different Zr content. The atomic compositions of TiN and TiZrN coatings, as a function of the 

Zr content, deposited on Si (100) wafers are listed in Table IV.2. The content of four elements 

(N, Ti, Zr, and O) determined by EDS are tested to confirm that the total content is 100 %. The 

N/Ti atomic ratio was used to determine a stoichiometric case of a binary TiN coating, while 

the N/(Ti+Zr) ratio was used to determine a stoichiometric case of ternary TiZrN coatings with 

nitrogen. 
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The EDS results show that the TiN layer (at 0 A on the Zr target) is stoichiometric (N/Ti 

≈ 0.98), which is comparable to the chemical composition data of magnetron sputtering Tin 

coatings [13]. Keeping the voltage on the titanium target fixed (-900 V), and varied that of the 

Zr target. This variation leads to an increase in the Zr content in TiZrN coatings from 6.5 to 

22.2 at. % with a concurrent decrease in Ti content, and an increase in the Zr/(Ti+Zr) ratio. 

The N content varied between 48.5 and 47.5, and the N/(Ti+Zr) ratio is close to 1; indicating 

that all films prepared in this work are stoichiometric.In addition, the oxygen impurities were 

found in the range of 2-4.4 at.%, which is possibly owing of the moderate vacuum degree 

during deposition process [14]. 

The same behaviours were observed in the work of N. Witit-Anun et al. [15] where the 

deposited TiCrN thin films with reactive D.C magnetron co-sputtering on  Si substrates 

exhibited an increase in Ti content of the produced films from 3.5 at.% to 17.3 at.%, while the 

Cr and N contents decreased from (36.1 at.% to 27.3 at.%), and (60.5 at.% to 55.4 at.%), 

respectively, as Ti sputtering current increased. Suggesting that increasing of the Ti sputtering 

current increases the sputtering efficiency, which permitted to achieve additional Ti sputtered 

particles to form the TiCrN films. Also, in a previous work of reactive D.C Magnetron co-

sputtering TiZrN thin films with different titanium sputtering currents (ITi) ranging from 0.6 to 

1.2 realized by S. Chinsakolthanakorn et al. [16], showed that  the atomic ratio of Ti to Zr 

elements and the N to (Ti+ Zr) ratio increased to 0.9 and 1.6, respectively, when Ti content 

increased insignificantly from 14.390 at. % to 18.125 at. % and the Zr content decreased 

significantly from 41.768 at. % to 20.026 at. %. 
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Table IV.2. The chemical composition, thicknesses, and surface roughness of as-deposited of TiZrN  

 

Figure IV.2.a) shows the XRD patterns of TiZrN films deposited at different Zr 

sputtering currents of 0, 0.5, 1, 1.5 and 2 A. Reference peaks of fcc-TiN, fcc-ZrN and t-ZrO2 

phase structure are marked according to the (JCPDS card No.65-2905), (JCPDS card No. 002-

0536.) and (JCPDS card No. 79-1771) files, respectively. The increase in the applied current 

on the Zr target is followed by the insertion of zirconium into the TiN lattice and the formation 

of solid solution that observed on the XRD patterns. The diffraction pattern of pure TiN 

present (111), (200), (220), (331) and (222) planes  corresponding to the fcc-TiN phase, which 

can be assigned to the formation of a solid solution structure with single phase [17]. Besides 

the fcc-TiN phase, the fcc-ZrN phase can be detected at high Zr content in the TiZrN films. 

This phase composition correlates with the results of S. Chinsakolthanakorn et al. [16] who 

reported that an applied current higher than 1 A leads to the formation of TiN and ZrN mixture 

in the TiZrN films. 

The addition of Zr led to a gradual decrease of the (200) intensity compared to that of 

(111) plane, thus causing a decrease of TC = I(111) /[I(111)+I(200)] ratio (Fig. IV.2.b). This 

change could be associated with the increase of Zr sputtering current and the high-energy ion 

bombardment, suggesting an increase in the inter-planar spacing. A similar behavior was 

observed by W. Phae-Ngam et al. [18] where the TiZrN coatings deposited at 200–300 W of  

Zr sputtering power, showed a (111) peak broadening due to the energy loss during the 

collision, which could decrease the adatoms mobility and diffusion on the columnar surface. In 

contrast, S. Chinsakolthanakorn et al. [16] confirmed that the high-energy ion bombardment 

Coatings  Chemical composition (at. %) 

 

Thickness 

(nm) 

Roughness  

Ra (nm) 

 Ti Zr N O Zr/(Ti+Zr) N/(Ti+Zr) 

Etching         

Ti layer       60 - 

Ti0.49N0.48 49.5 0 48.5 2.0 - 0.98 1260 46 

Ti0.42 Zr0.06N0.47 42.1 6.4 47.5 4.0 0.13 0.98 1280 37 

Ti0.36 Zr0.12N0.47 36.0 12.1 47.5 4.4 0.25 0.99 1320 22 

Ti0.30 Zr0.18N0.48 30.2 18.3 48 3.5 0.38 1.00 1550 17 

Ti0.26 Zr0.22N0.48 26.2 22.2 47.8 3.8 0.46 0.99 1540 29 
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changed the preferred orientation of TiZrN from (111) to (200), with increasing Ti sputtering 

current resulting in an enhancement in the peaks intensity. This is due to an increase in the 

crystallinity and coating thickness. 

The change in the growth direction from (111) towards (200) recently received in the 

research of L. Aissani et al. [19] for as deposited ZrON by reactive magnetron sputtering in a 

mixture of Ar (flow rate = 80 sccm), N2 (flow rate = 20 sccm) and varied O2 flow rate of 0 to 

12 sccm, where the coatings changed the preferred orientation from (111) ZrN to (200) ZrN 

with growing O2 flow rate. 

The characteristic peaks gradually turn to a lower angle with improving the content of Zr 

due to the formation of substitution solid solutions and the formation of residual stress in the 

films [20]. The Zr atoms with a larger atomic radius (1.60 Å) are gradually incorporated in 

TiN and replaced Ti atoms with smaller atomic radius (1.47 Å), suggesting lattice parameters 

get bigger (4.42 Å ), when compared to TiN JCPDS (Fig. IV.3) [17]. 

Similar results were reported in the as-deposited TiCrN films with deferent content of Ti, 

the crystal size decreased from 39.9 nm to 33.5 nm, while the lattice constants increased from 

4.139 Å to 4.162 Å, with increasing of the Ti sputtering [15]. The (111) peak was enlarged 

with an increase of Zr content, which indicated a lattice distortion and grain refining [21]. As 

shown in Figure IV.3, the grain size of the TiZrN decreased with the increase of Zr content. 

Whereas, at 18.3 at. % of Zr, corresponding to 1.5 A of applied current, with the broadest 

(111) peak, showed the minimum grain size. However, at 22.3  at. % of Zr, the (111) peak 

with the lowest intensity presented weak crystalline with a large grain size. 
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Figure IV. 2.a) XRD pattern of TiZrN films, b) peak intensity ratio and (111) 2θ shift as a 

function of Zr content. 
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Figure IV.3. Lattice parameter and grain size for TiZrN films as a function of Zr content. 

Figure IV.4 displays Raman spectra of TiN and TiZrN thin films. The spectrum of TiN 

coating shows two broad band’s centered at 250 and 590 cm
−1

 of TiN layer spectrum, 

corresponding to (LA and TA) acoustic transition regions, and (LO and TO) optic mode 

regions that were primarily determined by the vibrations of the Ti and N bands [22]. 

The FWHM peaks gradually decrease as Zr content increases, and the peaks of TiZrN 

films become greatly narrower and incredibly stronger for films containing 18.3 at.% of Zr. 

Also, with increasing Zr content, the wavelength divergence is marked between the acoustic 

and optic regions from 250 and 618 cm
−1

 to 315 and 590 cm
-1

 respectively. The 215 and 668 

cm
-1

 peak positions are proximate to the ZrN, which indicates more Ti atoms are replaced by 

the Zr atoms, and hence a stronger vibration of Zr-N bonds obtained during the deposition [23, 

24]. 
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Figure IV.4. Raman spectrum of TiZrN films. 

IV.2.2. Effect of Zr on the morphology of TiN thin films 

To further clarify the effect of Zr content on the morphology of the TiN films, cross-

sectional and surface FE-SEM of films were taken (Figs.  IV.5 and 6). The film thickness 

varied from 1260 to 1550 nm, commonly in magnetron sputtering the columnar structure of 

the typical feature of the sputtered  coatings, in this experiment, all our grown films with 

deferent Zr content   have shown a columnar structure, which is a typical feature of the 

magnetron sputtered coatings. 

For TiN film (containing no Zr), there exhibits a fibrous and columnar structure in 

addition to some droplets developed through the film (Figs. IV.5.a, 6a), leading to the creation 

of voids in-between the large globular grains. Regarding the morphology of TiZrN thin 

coatings with various Zr content, a remarkable change in growth structure from discontinuous 

columnar to continuous columnar and from globular to plane shape, is primarily attributed to 

hard metal of Zr. Here Zr with high atomic radius can hence the film densification and disrupt 

the columnar grain enlargement during deposition. For example, the TiZrN film demonstrates 

a continuous and refined columnar tilted to the normal’s substrate corresponding to the 
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transition zone of Andres’s structural zone model (Fig. IV.5.d) [16]. The surface morphology 

showed a fine plane grained structure with smaller crystallite size of about 10 nm as the Zr 

content is 18.3 at. % Zr, that is in accordance with (200) preferred orientation (Fig. IV.6d). 

This may be due to that the increase of high applied current could enhance the mobility of 

atoms by improving their energies, leading to film densification with a lowest roughness (Ra = 

17 nm).  

The grain refinement of the film structure has a significant influence on the TiZrN films 

proprieties, and at the same time, it can reduce the surface roughness of the film. The decrease 

in surface roughness was also observed in CrNiN coatings when INiCr increased from 0.75 A to 

1.25 A, the surface roughness was found to decrease from 10.8 to 9.84 nm [25]. However at 

higher Zr content (22.2 at. % Zr) with applied higher current (2 A), corresponding to applied 

voltage of about - 900 V,  to the two Ti and Zr targets, the dense  columnar structure 

developed form the elongated columnar and porous surface with  angular grains shape (Figs. 

IV.5.e,6.e). According to H. Li et al. [26] at higher applied power, the ions are repelled from 

the magnetron cathodes and this fact strongly weaken the plasma, which lead to the number 

and momentum of particles were reduced when reaching the substrate. Meanwhile, the 

increase of deposition rate is not significant and the thickness of TiZrN films shows little 

variation (1550 nm) with a rough surface (Ra = 18.7 nm)  as the total applied powers reached 

maximum values (Fig. IV.5.e). 

FE-SEM images of TiZrN thin films deposited at different Zr sputtering currents showed 

dense structure with much finer grain size at IZr of 0.6 A. As the sputtering current increased to 

0.8 A, the films show small column across the surface and larger facet grain were shown at 1.0 

A. The film deposited at IZr of 1.2 A exhibited porous columnar structure with highest porosity 

which corresponds to the zone T structure of of Andres’s structural zone model [16]. 
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Figure IV.5. SEM image of cross-section for TiZrN films with different: a) 0 , b) 6.4, c) 12.1, d) 18.3 

and e) 22.2 at. % of Zr. 
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Figure IV.6. SEM image of surface for TiZrN films with different: a) 0 ,b) 6.4, c) 12.1, d) 18.3, and  

e) 22.2 at. % of Zr. 
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IV.2.3. Effect of Zr content on TiZrN films wettability and surface energy 

The contact angle measurements were performed using three testing liquids (water, 

thiodiglycol and diidomethane) for each coating, and the total surface energy values of TiZrN 

films were calculated (Figs. IV.7, 8). The typical images of the apparent contact angles of 

water droplets on TiN, TiZrN films with different amount of zirconium are shown in Figure 

IV.7. Wettability is obtained by measuring the contact angle. A lower contact angle (≤ 90°) 

signifies greater wettability, whereas a higher contact angle (≥ 90°) infers lower wettability. 

TiN and TiZrN films containing 6.4, 12.1, 18.3, and 22.2 (at. %) of Zr delivered the following 

average contact angle values  123.0°, 113.2°, 111.4°, 76.0° and 96.4° , respectively. The 

lowest contact angle value of (76°) was provided by TiZrN coating containing 18.32 at. % of 

Zr as it is shown in Figure IV.7. This film demonstrates the highest wettability and a lower 

hydrophobicity as compared to the TiN coating (122.95°). According to the obtained results, 

we can assure that the addition of Zr to TiN coating drives its surface more hydrophilic and 

enhances its wettability. TiZrN system presented the highest contact angle as compared to that 

previous reported works (62°, 82.2°) [12, 27]. 

Wettability of the surface of the solid material is usually dependent on both the surface 

chemical status and the surface roughness. According to the SEM images of the coating 

containing 18.3 at. % of Zr, the surface becomes denser and smoother, with low surface 

roughness of 17 nm, which offered a higher wettability of TiZrN. With increasing the Zr 

content to 22.2 at.%, the contact angle increased as a result  of an increase in the surface 

roughness. 

This result is consistent with F. Movassagh-Alanaghet al. [28] work who reported a 

similar study on TiSiN films. They found that the TiSiN coating led to a decrease in the 

contact angle from 82.2°to 47.5° when Si content increased from 0 to 24.7 wt.%. Several 

parameters such as the morphology and the surface roughness play important role in the 

contact angle value [29]. The higher wettability of TiZrN coatings is attributed to the low 

surface roughness (17 nm for the coating containing 18.3 at. % of Zr). The contact angle 

increased with increasing the Zr content to 22.2 at.%, because of an increase in the surface 

roughness [30]. According to the SEM images of the coating containing 18.3 at. % of Zr, the 
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coating became denser with a smoother surface, which led to an improvement in the 

wettability of the coating. 

 

 

 

 

 

 

 

 

 

Figure IV.7. Photographs of water droplet contact angles on: a) TiN and TiZrN containing: b) 6.4, c) 

12.1, d) 18.3 and e) 22.2 at. % of Zr. 

        The higher surface tension and the lower viscosity of water resulted in higher water 

contact angles for all TiZrN coatings than those obtained for thiodiglycol and diidomethane 

[31]  . The total surface energy values for all TiZrN coatings were inferior to that of TiN coating 

(77.4 mN/m) (Fig. IV.8). Typically, it can be seen that increasing the Zr content provides a 

reduction in the total surface energy where the lowest value of 38.7 mN/m was obtained for 

the film 18.3 at. % of Zr. So in this case, we can say that the surface energy is inversely 

proportional to the wettability. The water contact angle is related to the hydrophilic property of 

the surface that affected by its free energy and roughness. Commonly, the higher surface free 

energy and/or surface roughness of a solid substrate compared to the surface tension of liquid 

results a better hydrophilicity and a smaller water contact angle [28]. However, many other 

factors affecting surface energy have been mentioned, such as phase structure, hardness or 

elasticity modulus [32]. According to X. Pang et al. [33], through film growth, the natural 

driving force reduce the surface energy, which controls the preferred orientation. The total 

surface energy reduction is caused by the decrease in (200) preferred orientation. Surface 
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energy of TiN coating with the (111) preferred orientation will be lower than that with the 

(200) orientation [33, 34], which is coherent with the results obtained in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.8.a) Contact angle measurements, and b) Total surface energy of TiN and TiZrN thin 

coatings as a function of Zr content. 
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IV.2.4. Effect of Zr on the mechanical properties of TiZrN films 

Nanoindentation tests were performed on coated XC100 steel substrates in order to 

measure both the hardness (H) and Young’s modulus (E) of TiZrN films with different 

concentrations of Zirconium (0, 6.4, 12.1, 18.3 and 22.2 at. % of Zr) according to Oliver-Pharr 

approach [35]. Moreover, to further elucidate the influence of Zr content on the mechanical 

properties of the films, H/E and H
3
/E

2 
were taken as effective quantitative parameters to 

analyze the elastic and plastic deformation resistance of hard TiZrN films [17]. 

Figure IV.9.a presents the variation of the hardness of TiZrN films as a function of Zr 

amount. At 0 at.%  of Zr, TiN films exhibited hardness and Young’s modulus values of (17.54 

± 0.11)  GPa and (162.49 ± 4.6) GPa. The obtained values are lower than that in the case of 

TiN coatings obtained by other processes [36, 37] but higher than the other transition metal 

nitride coatings [38]. 

With increasing Zr applied current, the number of Zr atoms sputtered from the 

Zirconium target is expected to increase. The results showed a significant influence of the 

Zirconium content on the functional property of the TiZN nanostructured coatings. As the 

Zrcontent percentage increased from 0 to 18.3 at.%, the surface roughness decreased 

successfully refined from 46 nm to 17 nm. The coatings contained a densified structure 

achieved a high hardness value of (25.12 ± 0.11) and higher H/E (0.139) and H
3
/E

2
 (0.49 

GPa). This is  mainly attributed to the solid solution strengthening and the grain refinement 

[39]. In addition, the high strain and the lattice distortion induced by the incorporation of Zr 

atoms in TiN coating, as shown in Figure IV.3, also improves the coating hardness [40]. 

Furthermore, the coating growth through the packed (111) plane may also contribute to the 

hardness enhancement [17]. A similar decrease was reported by Y.-W. Lin et al. [41]. 

Further increasing the Zr content to 22.2 at. %, the hardness reduces to 18 GPa and 

therefore a drop in the H/E (0.11) H
3
/E

2
 (0.22 GPa) due to the increased disorder induced by 

weak crystallinity [38]. Similar behaviors obtained for CrWN ternary system grown on silicon 

substrates using a D.C magnetron reactive co-sputtering technique. The increases in W content 

delivered gradual increases in hardness from 20.3 GPa at 0 at. % W to the highest value of 

about 25.1 GPa for 24.0 at.%at of W content. Then, the micro-hardness decreases to 22.6 GPa 

as the W content increased to 40.5 at.% [32] . 
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Also, I. Asempah et al. [42] found that the deferent concentration of Boron in TaBN 

nanocomposite films prepared by a reactive magnetron sputtering process, have an influence 

on the ternary system proprieties. The introduction of B into the films improved the hardness 

value from∼27.9 GPa for TaN to the greatest value of ∼33.3 GPa when the B concentration 

reched1.5 at.%. A further B concentration led to a continue reduction in hardness, due to both 

grain refinement and the augmentation in compressive residual stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.9.a) Hardness, Yong’s modulus, and b) H/E and H
3
/E

2
 of TiZrN films as a function of Zr 

content. 
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IV.2.5. Effect of Zr content on friction and wear properties of TiZrN coatings 

In order to investigate the tribological performance of TiZrN coatings, wear tests based on 

ball-on-disc configuration were performed. Figure IV.10 displayed the results of the friction 

coefficient (CoF) and wear rate, reviewed from the tribological performance of TiZrN coatings 

with deferent Zr amounts.  

At the beginning of the friction test, due to the low contact area and high contact pressure, 

sliding is difficult resulting in a higher CoF. In the later stage, the increased contact area leads 

to a reduction in the contact pressure and subsequently a reduction in the CoF as observed at 

the stable state [43]. 

The coefficient of friction of TiZrN films varied between 0.31 and 0.60. The maximum 

CoF value (0.60) and the highest wear rate (5.64×10
-4 

mm
3
/Nm) were found for the TiN 

coating with the lowest hardness, higher roughness and higher TiN (200) intensity as 

compared to (111) intensity, which has a negative effect on the surface energy and provokes a 

higher friction coefficient  [18]. The high CoF of TiN coating may also be attributed to the low 

TiN coating lower thickness as compared to the other coatings [44]. A relative reduction in the 

CoF and wear resistance of TiZrN coatings, accompanied by the incorporation of Zr, which 

indicates that the wear resistance of TiN is clearly improved by the cooperation of Zr Figure 

IV.10. 

TiZrN coatings containing 6.4 and 12.2 at.% of Zr presented the following friction 

coefficient 0.56 and 0.50, respectively. TiZrN coating containing 18.3 at.% of Zr delivered the 

best tribological behavior and provided a lower value of CoF (0.31) and wear rate (6.65×10
-5

 

mm
3
/Nm). The improvement of anti-friction of TiN depends on many factors such as substrate 

characteristics, strain rate and contact pressure [45]. In our work, the decrease in the CoF and 

wear rate is attributed mainly to the solid solution's strengthening, originated by the big atomic 

radius of Zr, which increased with increasing Zr content. The morphology of our coating 

showed that surface roughness decreased and its density increased with increasing  Zr content, 

and the highest hardness and H/E ratio of TiZrN coating containing 18.3 (at.%) [46]. At-ZrO2 

phase in TiZrN thin films at 18.3 at.% of Zr as shown in Figure IV.10, this phase has 

particularly high tenacity, increased hardness, elevated resistance to wear and corrosion, and is 

commonly considered as a perfect lubricant oxide so used as additives in lubricating tests [47, 
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48]. From the above, we assume that the decrease of friction coefficient to 0.31 mainly related 

to the existence of t-ZrO2 as lubricant oxide phase protecting the surface with a soft layer. 

Regardless, TiZrN coating exhibited an increase in both friction coefficient and wear rate 

when Zr content raised to (22.2 at.%). Mainly provoked by the notable reduction in the coating 

hardness and H/E ratio. 

The SEM observations and EDS analysis of worn surfaces of TiN and TiZrN coatings are 

shown in Figure IV.11. The surface morphology of the corresponding coatings was fond to 

exhibits elongated columnar and porous structure with angular grains shape with high surface 

roughness of 29 nm. Many studies have correlated the mechanical behavior and surface 

morphology with the wear performance. H. Ju et al. [41] declared that the increase in titanium 

content above 12.3 at.% in deposited WTiN films with reactive magnetron sputtering revealed 

the formation of the fcc-TiN phase. The wear rate (WR) was initially reduced and then 

increased after acquiring the lowest value of ~5.4×10
−9

 mm
3
/N·mmat 12.3 at.% of titanium. 

Wear rates was mainly influenced by the phase structure and some mechanical parameters 

such as H/E ratio, and hardness. 
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Figure IV.10.a) Friction coefficient Vs sliding distance, and b) wear rate and friction coefficient 

values of TiN and TiZrN thin coatings with different Zr content. 

FigureIV.11 displays SEM observations and EDX examination of worn surfaces of TiN 

and TiZrN films. The worn track and undamaged zones in the coating were analyzed. EDX   

analyses demonstrated a difference in the elements that existed in both zones. Spalling and 

detachment were marked on the worn surfaces of TiN and TiZrN coating containing the most 

inferior Zr content (Fig. IV.11.a, b), which is expected to the bass mechanical proprieties 

where a low hardness value was detected for these coatings. The main wear mechanism of 

these coatings was found to be adhesive wear. 
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At 18.3 at. % of Zr, TiZrN coating demonstrated the lowest wear rate, friction coefficient, 

and roughness comparable to the other coatings with different zirconium content (Fig. IV.10, 

and Table IV.2). The lowest amount eliminated of the film experimented under a 2 N normal 

load for 400 m sliding distance was provided by this film indicating the best wear resistance 

attributed to its high structural and mechanical properties [49]. 

Figure IV.11 represents the elemental composition TiZiN thin films achieved by EDS analysis. 

There is an increase in the concentration of Ti, Zr, and N, and the existence of small amounts 

of O at the point where the wear track ends. At 18.3 at. % of Zr, the EDS analysis showed that 

the chemical composition of the wear debris in the middle of the track of the wear track region 

as following: Fe 40 %, Ti 35 %, N 14.5%, O 0.7 %, Zr 3.5 % that show a decrease in the 

concentration of Ti, Zr, and N, and the smallest concentration of Fe (correspond to the 

composition of substrate XC100) compared to other concentrations of Fe at 0, 6. 4, 12.1, and 

22.2 at. % of Zr.  

Figure IV.11 indicates good adhesion between TiZrN thin films and XC100 steel substrates. 

The lower wear rate exhibited by TiZrN coating is explained by its higher hydrophilicity as 

shown (Fig. IV.7), which leads to an increase in the number of atoms in contact with the 

surface. As we mentioned in section 3.4, the best mechanical properties were detected by the 

TiZrN coating containing 18.3 at.% of Zr, and the increase in film crystallinity improved the 

tribological behavior (low friction coefficient and wear rate) [50]. Similar results were 

obtained in our previous study, where friction coefficients and wear rates of  CrZrN coatings 

were reduced with increasing Zr content [51]. However, at higher Zr content (22.2 % at.), 

there was more additional debris along the edges and the center of the track due to the 

insufficient substrate-film cohesion (Fig. IV.11.e).  

These detected failures might develop from the large grain size and the differences in 

mechanical properties between the deposited film and substrate. The high Fe concentrations in 

TiN and TiZrN coatings display the inferior coating/substrate adhesion [52]. The smooth 

surface and the good coating adhesion decreased the friction coefficient and vice versa, 

roughness can therefore create an essential role in the coefficient of friction. Further, the 

hardness of the surfaces in contact is again so necessary: a hard, rough surface can retain a 

very low “real” contact area, whereas a soft, rough surface can have a higher “real” contact 

area than the “apparent” contact area, leading to an extremely high friction force [53]. 
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Figure IV.11.  SEM images and EDX analysis of worn surfaces of a) TiN and TiZrN thin coating 

containing: b) 6.4, c) 12.1, d) 18.3 and e) 22.2 at.% of Zr. 
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IV. 3. Conclusion 

In this chapter, we presented the effects of zirconium sputtering current on the 

structure, wetting, surface energy, mechanical and tribological properties of TiN films 

prepared by R.F reactive magnetron sputtering.  

Firstly the examination of the effect of Zr on Structural proprieties of TiZrN films 

showed that TiZrN thin films displayed columnar structure, with changes in preferred 

orientation from (111) to (200) with increasing Zr content in the films. The grains get finer due 

to the in cooperation of the Zr atoms in the TiN.  

Secondly, we studied the effect of Zr on the chemical composition of TiZrN films 

where the peak position shifted toward lower wavenumbers with increasing Zr to obtain 315 

and 618 cm
-1

 close to ZrN nitride at higher Zr content, which indicate more Ti atoms are 

replaced by Zr atoms and a stronger vibration of Zr-N bonds are obtained during the 

deposition. The lowest contact angle value of (76°) was provided by TiZrN coating containing 

18.32 at. % of Zr indicating good wettability provides lower surface energy. 

In the end, the effect of Zr on the mechanical properties of TiZrN films demonstrated 

that TiZrN film with 18.3 at.%  of Zr showed higher hardness and the lowest wear rate (1.033 

× 10
−6

mm
−3

/N m) and friction coefficient (0.39), which corresponds to the higher H/E  and 

H
3
/E

2
.The tribological properties of TiN film are significantly enhanced by incorporating Zr 

due to solid solution strengthen and the increased H/E and H
3
/E

2
 are submitted to be the main 

motivation for the reduction of friction coefficient and wear rate. 
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In conclusion 

We carried out this investigation in: LASMIS laboratory, University of Technology 

(Troyes, France). Our purpose was to carry out experimentations on the improvement of 

structural mechanical, tribological, and wetting performance of the TiN binary system by the 

insertion of zirconium. The bibliographical study carried out made it possible to instruct our 

selection on this kind of coating. We were then particularly interested in the characterization 

of structured thin films of titanium nitride and titanium zirconium nitride. The main purpose 

of this thesis was to study and understand the effects of different amounts of zirconium Zr 

inserted into TiN lattice to obtain a strength solid solution and stoichiometric structure and 

well understand its effect on the surface and interface proprieties of the produced coatings.  

These were produced by the technique of R.F magnetron sputtering in a reactive 

medium that delivers deposition efficiency and industrial adaptability. TiN films were 

deposited on Si (100) wafers, and XC100 steel substrates. The variation in nitrogen content 

from 0 and 30 % showed the appearance of various phases with different microstructures. 

XRD data showed that the film phases changed from Ti to Ti2N and TiN with increasing 

nitrogen content. The diffraction peaks shifted to lower angles with a (111) TiN preferential 

plan indicating the presence of compressive residual stress. Increasing the nitrogen content in 

the TiN films led to increase the lattice strain in film crystals and decrease the film thickness 

and grain size.  

The measurements of contact angles between water-droplets and TiN film surfaces 

showed that all films had a high wettability and increasing the nitrogen content in film led to 

increase its surface hydrophobicity. This can be related to the enhancement of surface softness 

as mentioned by the AFM and SEM images. Nanoindentation measurements showed that 

hardness and Young’s modulus of the coatings exhibited an increase from (7.1 GPa, 195.2 

GPa) to (27.78 GPa, 304.8 GPa) when nitrogen flow rate was varied from 5 to 20 %, 

respectively. Increasing the nitrogen content up to 48.5 at.% in film led to enhance its 

hardness, elasticity modulus, resistance to plastic deformation and toughness. 

The tribological tests showed that the lowest friction coefficient of ~ 0.36 and the best 

adhesion were obtained for the TiN coating deposited at 20 % of N2 flow rate (film containing 

48.5 at.% of nitrogen). This last configuration was confirmed as the best one and the addition 

of more nitrogen led to slightly decrease these properties.  
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For the TiZrN films, the increase in Zr content, changed the preferred orientation from 

(200) to (111), and the maximum hardness value of (25GPa) was achieved and total surface 

energy of 38.7 mN/m for TiZrN coating with 18.3 at.% of Zr, corresponding to the grain 

refinement (17 nm) and the large lattice distortion due to the incorporation of Zr atoms in the 

TiN system. 

The tribological performance of TiN coating was significantly improved by the 

incorporation of zirconium, and the solid solution strengthening managed the decrease of 

friction coefficient and wear rate. 

Perspectives 

- The effect on the structure modulation using WIN2K for in the aim to determine the 

atoms’ positions which will new data in the crystallography part. 

- The preparations of other doped phases by other elements in the TiN crystal and study 

their structural, physical, and tribo-mechanical properties. 

- Preparation and simulation of the physical properties of new hard ternary and 

quaternary systems. 

- Trying to study the corrosion resistance and antibacterial activity with novel methods. 
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A B S T R A C T   

-TiZrN thin films were deposited on Si (100) wafers and XC100 steel substrates by reactive R.f. magnetron 
sputtering using titanium and zirconium targets in an Ar-N2 mixture atmosphere to evaluate the effect of varying 
Zr content (0 to 22.2 at.%), on the film structure, surface wettability, hardness and wear resistance. The presence 
of different phases such as TiN, ZrN, and ZrO2 were confirmed by XRD analysis. Results showed that, the lattice 
parameter and film thickness increased while the crystallite size and average roughness decreased with 
increasing Zr content. Total surface energy between the film surface and testing liquids decreased with the 
addition of Zr. TiZrN film containing 18.3 at.% of Zr showed the lowest surface energy of 38.7 mN/m, indicating 
its hydrophobicity. The nanoindentation measurements, friction and wear tests showed that the TiZrN thin film 
containing 18.3 at.% of Zr had the best tribo-mechanical performance. The TiZrN (18.3 at.% Zr) film exhibited 
the lowest friction coefficient (0.31), and the lowest wear rate (6.65 × 10− 5 mm3/Nm), which corresponds to the 
highest H/E ~ 0.139, and H3/E2 ~ 0.49 GPa ratios. The improvement in the tribo-mechanical properties is 
attributed to the solid solution strengthening due to the incorporation of Zr atoms in TiN system, which results in 
the highest hardness of 25 GPa for TiZrN (18.3 at.% Zr) film.   

1. Introduction 

In general, wear, friction and corrosion of components can be 
reduced by using advanced durable materials, which are very expensive. 
However, one of the more economical alternate routes available to 
improve the material performance against wear and corrosion are thin 
coatings, which is an effective surface treatment method in severe 

environments [1–8]. Hard thin coatings have found their way in a va
riety of applications, which are subjected to extreme tribological con
ditions such as high pressure, high temperature and corrosive 
environments. 

Titanium nitride (TiN) is one of the most common transition metal 
nitride coatings used in many applications due to its outstanding pro
prieties, such as high corrosion resistance [8] and high hardness [9]. 

E-mail addresses: lindaaissani2004@yahoo.fr (L. Aissani), mamoun.fellah@yahoo.fr (M. Fellah).   
* Corresponding authors. 

Contents lists available at ScienceDirect 

Surfaces and Interfaces 

journal homepage: www.sciencedirect.com/journal/surfaces-and-interfaces 

https://doi.org/10.1016/j.surfin.2021.101519 
Received 5 July 2021; Received in revised form 20 September 2021; Accepted 1 October 2021   

mailto:lindaaissani2004@yahoo.fr
mailto:mamoun.fellah@yahoo.fr
www.sciencedirect.com/science/journal/24680230
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://doi.org/10.1016/j.surfin.2021.101519
https://doi.org/10.1016/j.surfin.2021.101519
https://doi.org/10.1016/j.surfin.2021.101519
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2021.101519&domain=pdf


Surfaces and Interfaces 27 (2021) 101519

2

This nitride has also high chemical resistance [10,11], superconducti
vity [12], good biocompatibility [7] as well as a beautiful golden yellow 
color [13]. 

The TiN coatings have been found to be very effective in improving 
the performance of the components and in protecting them from wear 
and corrosion[2, 3]. Experimental data on potentiodynamic polarization 
show that the corrosion current densities of TiN-coated titanium were up 
to six times lower as compared to uncoated Ti [4]. Similar to gold, 
copper or silver, TiN thin films proved to be a better alternative plas
monic material for metamaterial fields in the visible and near-IR fre
quencies [5]. These coatings are also used in various other applications, 
such as decorative manufacturing or medical applications [6]. In 
contrast to other coatings, Hauer et al., confirmed that TiN-coated im
plants did not exhibit clinical benign results after long-term follow-up 
[13]. 

The in vivo wear resistance of cobalt-chromium femoral components 
coated with TiN showed damage caused by wear propagation at the 
implant, presence of stress and severe third-body wear resulting in the 
abrasion of the coating [14]. Lapaj et al. concluded that even though the 
TiN coating of knee prostheses forms a monolithic layer on the coated 
surfaces, caution must be administered in using these implants in pa
tients, sensitive to metal because of the wear and degradation associated 
with third bodies and microscopic defects shown by TiN coating [15]. 

However, one of the major drawbacks of the TiN coatings is its lack of 
chemical stability and limited oxidation resistance at elevated temper
atures [16]. Kumar et al. noted that TiN in the zone I microstructure 
includes a large amount of oxygen exhibiting an interdiffusion at 600 ◦C 
[17]. Milošev et al., affirmed that at elevated temperatures TiN is 
oxidized due to the substitution of nitrogen by oxygen, resulting in the 
formation of TiO2 layer at elevated temperatures leading to a phase 
separation between the nitride and oxide [18]. Thus, the interdiffusion 
of selective elements through the grain boundaries of the TiN film 
caused by annealing, at higher temperatures results in the reduction of 
its properties [19]. 

Recently, TiMN (M = B, Al, C, Si, Zr) nanocomposite coatings with 
higher hardness, excellent tribo-mechanical properties, improved sta
bilization and higher oxidation resistance have been developed and 
investigated. Many researchers reported that the addition of specific 
elements to TiN matrix could enhance the system properties [14–18]. Lu 
et al., reported that the nanocomposite TiB0.61N1.04 thin coating 
exhibited a higher oxidation resistance at elevated temperatures as 
compared to TiN [16]. Implantation of Al-ions in a TiN film greatly 
improved thermal oxidation resistance at temperatures up to 973 K, and 
for periods up to 20 h in a pure oxygen atmosphere. The high thermal 
stability and the age-hardening effect are attributed to the coherent 
spinodal decomposition in the Ti-Al-N system [17,18]. Furthermore, 
addition of C to TiN resulted in enhanced hardness and resistance to 
uniform and pitting corrosion [19]. 

However, the effect of zirconium (Zr) on the structural, mechanical, 
and tribological properties of TiN coatings is less investigated in com
parison to other elements. The TiZrN coatings show specific properties, 
such as excellent toughness [20], high melting point [21], biocompati
bility with the human body [22], and good oxidation resistance [23]. 
When the film is mechanically damaged, it regenerates itself because of 
the formation of zirconium oxide on the surface [24]. Zr has a larger 
atomic radius (0.160 nm) than Ti (0.147 nm), which may cause higher 
distortion in TiN [25]. The incorporation of Zr in the TiN coating results 
in the supersaturated solid solution with high hardness. Under equiva
lent conditions, TiZrN coating shows enhanced hardness as compared to 
binary TiN and ZrN coatings [26]. Moreover, the TiZrN coating exhibits 
a higher contact angle (higher hydrophobicity) as compared to uncoated 
Ti plates or TiZrCN coating [27]. The TiZrN coating can be manufac
tured using different methods and techniques including plasma beam 
sputtering [28], arc ion plating [29], cathode arc deposition [30], and 
most commonly by RF/DC magnetron sputtering technique [31,32]. 

Lin et al. [33], produced nanocomposite (Ti, Zr) N thin coatings at 

low nitrogen flow rates by means of magnetron sputtering. The 
appearance of a (Ti, Zr) N single-phase solid solution was observed for 
the coating deposited at 2–7 sccm nitrogen flow rates. The coating 
presented (111) preferred orientation and an excellent hardness ranging 
from 35.5 to 37.5 GPa. 

Ternary TiZrN coatings deposited by direct current unbalanced 
magnetron sputtering at different substrate biases ranging from − 40 V to 
− 120 V, exhibited low roughness, high hardness, low resistivity and a 
bright-golden color [34]. 

El-Hossary et al., [35] used DC-pulsed magnetron sputtering to pro
duce TiZrN thin coatings on AISI 316 substrates. They reported an in
crease in the hardness of the TiZrN coating with increased 
plasma-processing power, which reached a maximum value of 1050 
HV0.015 at 200 W. The wear rate of the coating had a very low value of 
0.0034 mm3/Nm as compared to the AISI 316 bare substrate (0.137 
mm3/Nm). Recently, Phae-ngam et al., [36] deposited nano-columnar 
titanium zirconium nitride coatings on silicon wafer substrates via 
reactive magnetron co-sputtering with oblique angle deposition (OAD). 
Increasing the sputtering power of Zr target from 100 to 300 W led to an 
increase in the length and diameter of the nanocolumns in the TiZrN thin 
coating. However, the wear mechanisms of TiZrN coatings while pro
tecting alloy surfaces remain largely unknown. Nevertheless, there have 
been few works on the tribological performance of TiZrN coatings 
[33–36]. Hence, the focus of this work is to improve the wear resistance 
and wettability of TiZrN thin coatings by creating a dense structure 
byusing the reactive R.F. magnetron sputtering technique. Moreoever, 
the effect of Zr content on the mechanical and tribological performance 
of TiZrN coatings is evaluated in detail. 

2. Experimental procedure 

2.1. Deposition process 

TiN and TiZrN thin coatings were deposited on Si (100) wafers and 
XC100 steel substrates by a reactive radio-frequency magnetron sput
tering technique using two high purity Ti (99.99%, 200 mm diameter ×
6 mm length) and Zr (99.99%, 200 mm diameter × 6 mm length) targets. 
The deposition of the coatings was carried out in a mixture of (80 sccm 
Ar + 20 sccm N2) gasses at a constant working pressure of 0.4 Pa. The 
coatings deposited on Si (100) wafers (20 × 20 mm2) were used for 
RAMAN, EDX, SEM, contact angle and nanoindentation tests. 

The coatings deposited on XC100 steel substrates were used for XRD 
and tribological tests. Prior to deposition, the substrates were ultra
sonically cleaned with acetone and ethanol, then dried and placed at 
100 mm above the targets on the substrate-holder. The deposition 
chamber was first evacuated to a pressure of 6 × 10− 4 Pa. Initially, the 
substrates were cleaned by Ar+ bombardment at 0.4 Pa at a voltage of 
− 700 V for 10 min. In addition, the Ti and Zr targets were also sputtered 
and cleaned with Ar+ bombardment for 10 min by applying a current of 
1 A in order to remove the surface oxides and impurities. 

Before the actual coating deposition, a pure Ti layer was deposited on 
the substrate for 10 min to improve the adhesion between the coating 
and the substrate. Subsequently, the Ti target current was kept constant 
at 2 A, while the Zr target current was varied from 0 to 2 A to fabricate 
TiZrN thin coatings with different Zr concentrations. For all thin coat
ings, deposition was performed for 180 min during which the substrate- 
holder rotation was set at 10 rpm in order to obtain a uniform coating 
thickness.. Table 1 presents the deposition parameters of these films. 

2.2. Characterization techniques 

The crystalline thin coating structure was characterized by X-ray 
diffraction (XRD, Bruker D8 Discover) with a Cu-Kαradiation (λ =
1.5418 Å) with 40 kV/30 mA X-Ray source. The coatings were scanned 
at a speed of 10◦/min with a 0.02◦ step size in the 2θ range of 20 to 80◦

Texture coefficient (TC) was defined as: 
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TC = I(200)/I[(200)+ (111)] (1)  

where I is the integrated intensity of the corresponding (200) and (111) 
diffraction peaks. 

The full width at half maximum (FWHM) value was evaluated using 
X-ray diffraction (XRD) patterns to calculate the crystallites size of the 
coatings by using Scherrer formula: 

D =
0.9λ

βcosθ
(2)  

where 0.9 is a dimensionless shape factor, λ the X-ray wavelength, β (in 
rad) the line broadening at half the maximum intensity (full width half 
maximum) and θ the Bragg’s angle. The surface morphology and cross- 
sectional views were observed by a scanning electron microscope 
(Hitachi S3500 N SEM-FEG). The elemental composition of the coatings 
was evaluated by Energy-dispersive X-ray spectroscopy (EDX, Oxford 
INCA x-act, 15 kV). 

In order to evaluate the interaction between the coating surface and a 
liquid, contact angles were measured using three testing liquids (water, 
thiodiglycol and diiodomethane) with a contact-angle optical goniom
eter (Data Physics Model ESr-N, Germany).The surface energy was 
calculated using Owens-Wendt-Rabel-Kälble (OWRK) method using the 
following formula [37]: 

γL(1+ cosθ) = 2
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γ D
S γ D

L

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γ P
S γ P

L

√ )

(3)  

where: γLis the total surface tension in (mN/m), θ is the contact angle in 
(deg), γD

S is the dispersive component of surface energy in (mJ/m2), γD
L is 

the dispersive component of surface tension in (mN/m), γP
S is the polar 

component of surface energy in (mJ/m2), and γP
L is the polar component 

of surface tension in (mN/m).The droplet volume placed on the coating 
surface was 2.0025 µl with a dosing rate of 1 µls− 1. This condition was 
appropriate to neglect the impact of the falling effect due to its weight 
[38,39]. 

The hardness (H) and elasticity modulus (E) of the thin coatings were 
measured using TI 980 triboindenter machine equipped with a Berkovich 
diamond indenter tip. For all measurements, five indentations were 
performed and the average value was calculated. The elasticity modulus 
of the thin coatings were calculated using the Oliver-Pharr method [40], 
where the Poisson’s ratio of TiN (ν = 0.30) was adopted as reported in 
the literature [41]. The tip penetration depth was limited to not exceed 
10% of the coating thickness to avoid the influence of the substrate. 

The tribological properties of the deposited coatings were investi
gated at room temperature by sliding wear tests using a tribometer (CSM 
Instruments, High-Temperature Tribometer) under a ball-on-disk 
configuration. The coatings were tested using 6 mm 100Cr6 balls 
(counterparts). The applied normal load and sliding speed were 2 N and 
400 rpm (0.125 m∙s − 1), respectively. The tests were performed at 5 mm 
radius for 400 m sliding distance. The wear rates were calculated after 
the measurement of the worn track volumes with a profilometer using 
the following formula: 

W = V
/

Fxd
(
mm3 ×Nm

)
(4)  

where: V is the wear volume (mm3), d is the sliding distance (m) and F is 

the normal load (N). The worn tracks and their elemental compositions 
were observed and determined using a SEM and EDX. 

3. Results and discussions 

3.1. Effect of Zr on TiZrN coating structure 

The atomic compositions, thickness and average roughness of TiN 
and TiZrN coatings, as a function of the Zr content, deposited on Si (100) 
wafers are listed in Table 2. In the present work, the content of four 
elements (N, Ti, Zr, and O) are determined by EDX to confirm that the 
total content is 100%. The N/Ti atomic ratio was used to determine a 
stoichiometric case of a binary TiN coating, while the N/(Ti+Zr) ratio 
was used to determine a stoichiometric case of ternary TiZrN coatings 
with nitrogen. 

The elemental composition confirmed that TiN coating (1260 nm 
thick) presented a N/Ti atomic ratio of about 0.98, which is comparable 
to the chemical composition data of magnetron sputtered TiN coatings 
[42]. Zr amount in the TiZrN films gradually increased from 6.4 to 22.2 
at.%, with increasing sputtering current applied to the Zr target, 
balanced with the decrease of Ti content. The N content of about 48 at.% 
was constant in all the coatings and the N/(Ti+Zr) ratio close to 1 
indicated that all the coatings prepared in this work were stoichiometric 
[43]. A similar result was reported in the literature [40,41]. In addition, 
oxygen impurities were found in the range of 2 to 4.4 at.%, which is 
probably due to the residual oxygen in the deposition chamber [44]. 

Fig. 1(a) shows the XRD patterns of TiN and TiZrN coatings deposited 
at different Zr target sputtering currents. Reference peaks of fcc-TiN, fcc- 
ZrN and t-ZrO2 phases are marked according to the (JCPDS card No. 
65–2905), (JCPDS card No. 002–0536.) and (JCPDS card No. 79–1771) 
files, respectively. 

The diffraction pattern of pure TiN coating presents (111), (200), 
(220), (331) and (222) planes corresponding to the fcc-TiN phase, which 
can be assigned to the formation of a solid solution structure with single 
phase [45]. Besides the fcc-TiN phase, the fcc-ZrN phase can also be 
detected at high Zr content in the TiZrN coatings. This phase composi
tion correlates with the results of Somchai et al. [43], who reported that 
an applied current higher than 1 A leads to the formation of TiN and ZrN 
mixture in the TiZrN coatings. 

The addition of Zr led to a gradual decrease of the (200) intensity 
compared to that of (111) plane, thus causing a decrease of TC = I(200) 
/[I(111)+I(200)] ratio. This change could be associated with the in
crease of Zr sputtering current and the high-energy ion bombardment, 
suggesting an increase in the inter-planar spacing. A similar behavior 
was observed by Phaengam et al. [46], where the TiZrN coatings 
deposited at 200–300 W of Zr sputtering power, showed a (111) peak 
broadening due to the energy loss during the collision, which could 
decrease the adatoms mobility and diffusion on the columnar surface. In 
contrast, Chinsakolthanakorn et al., [43] confirmed that the high-energy 
ion bombardment changed the preferred orientation of TiZrN from 
(111) to (200), with increasing Ti sputtering current resulting in an 
enhancement in the peaks intensity. This is due to an increase in the 
crystallinity and coating thickness. 

The characteristic peaks were gradually shifted to lower angles with 
increasing Zr content. This is due to the formation of substituting solid 
solutions and the coating residual stress [47]. The Zr atoms with a larger 
atomic radius (1.60 Å) on being gradually incorporated in TiN, replaces 
the Ti atoms having smaller atomic radius (1.47 Å). This explains the 
increase of lattice parameter to (4.31 Å - 4.42 Å), for the TiZrN coatings 
as compared to the TiN coatings (~ 4.29 Å) (Fig. 2) [45]. The shift of 
peak position with Zr addition also explains the change in the lattice 
parameter [44]. 

Similar results were reported in other ternary transition metal ni
trides like CrZrN [47] and ZrNiN [48] coatings. The (111) peak was 
slightly enlarged with increasing the Zr content, which implied a lattice 
distortion and grain refinement [49]. The crystallite size of the TiZrN 

Table 1 
Detailed deposition parameters of as-deposited TiN and TiZrN thin coatings.  

Coatings Current (A) Voltage (V) (Ar/N2) 
Flow 
(sccm) 

Pressure 
(Pa) 

Time 
(min)  

Ti Zr Ti Zr 

Etching 1 1 700 700 80/0 0.4 10 
Ti layer 1 0 700 – 80/0 0.4 10 
TiN 2 0 900 – 80/20 0.4 180 
TiZrN 2 0.5–2 900 200–900 80/20 0.4 180  
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coatings was decreased with increasing Zr content. The coating con
taining 18.3 at.% of Zr had the smallest crystallite size of about 10 nm. 
However, the coating containing 22.2 at.% of Zr revealed a weak (111) 
peak and presented a low crystallinity with a larger crystallite size. 

3.2. TiZrN coating morphology 

In order to evaluate the effect of Zr content on the morphology of the 

TiN coatings, SEM cross-sectional and surface images were obtained 
(Figs. 3 and 4). The coating thicknesses were measured to be in the range 
of 1.26 to1.55 µm. All coatings had a distinct columnar structure, which 
is a typical feature of the magnetron sputtered coatings [50]. TiN 
coating exhibited a fibrous and columnar structure in addition to some 
droplets developed through the coating (Figs. 3a, 4a), leading to the 
creation of pores between the large globular grains. This structure cor
responds to the 2nd zone of Andres’s structure zone model [33]. 

Regarding the morphology of TiZrN thin coatings, the structure 
growth presented remarkable changes from discontinuous columnar to 
continuous columnar and from globular to plane shape. This is primarily 
attributed to the Zr addition, where Zr with a high atomic radius can 
enhance the coating densification during deposition. The TiZrN coating 
shows continuous and fine columns tilted to the substrate normal cor
responding to the transition zone of Andres’s structural zone model 
(Fig. 3) [51]. 

The surface morphology showed a fine plane grained view related to 
the coating structure presenting smaller crystallite size and (111) 
preferred orientation (Fig. 4). The film containing 18.3 at.% of Zr pre
sented the lowest roughness (Ra = 17 nm) (Fig. 4d, Table 2). This could 
be attributed to the increase in the applied current enhancing the ada
tom energies and mobility, leading to the coating densification. 

The cohesion of the coating mainly depends on the shape, concen
tration, orientation, and distribution of the reinforced phases. In this 
study, the change of the preferential orientation from (200) to (111) can 
be explained in terms of the change in surface reactivity after the 
addition of Zr, which can also influence the surface energy [9]. More
over, the increase of surface energy could be ascribed to the increase of 

Table 2 
Chemical composition, thicknesses, and surface roughness of TiN and TiZrN thin coatings.  

Coatings Chemical composition (at.%) Thickness (nm) Roughness Ra (nm)  

Ti Zr N O Zr/(Ti+Zr) N/(Ti+Zr) 

Etching         
Ti layer       60 – 
Ti0.49N0.48 49.5 0 48.5 2.0 – 0.98 1260 46 
Ti0.42 Zr0.06N0.47 42.1 6.4 47.5 4.0 0.13 0.98 1280 37 
Ti0.36 Zr0.12N0.47 36.0 12.1 47.5 4.4 0.25 0.99 1320 22 
Ti0.30 Zr0.18N0.48 30.2 18.3 48 3.5 0.38 1.00 1550 17 
Ti0.26 Zr0.22N0.48 26.2 22.2 47.8 3.8 0.46 0.99 1540 29  

Fig. 1. a) XRD patterns of TiN and TiZrN thin coatings, and b) I(200) /[I 
(111)+I(200) and (111) 2θ shift as a function of Zr content. 

Fig. 2. Lattice parameter and crystallite size of TiZrN thin coatings as a function of Zr content.  
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the lattice dislocations and distortions in the surface substrate caused by 
the addition of Zr, which subsequently refined the surface, and provided 
more nucleation sites [47]. A similar phenomenon was reported for 
CrZrN thin films deposited by magnetron sputtering with increasing Zr 
content. The dense structure and the high cohesiveness of the coat
ing/substrate interfacial zone is explained by the fact that, the diffusion 
of nitrogen is faster in Zr than Ti ones and can easily move through 
interstitial sites of the zirconium lattice. Thus, the zirconium covers the 
surface of growing grains, serving as new nucleation sites and increases 
the cohesion between the coating and the substrate. 

However, the coating containing the highest Zr content (22.2 at.% 
Zr), deposited at the highest applied current (2 A) (Figs. 3e, 4e), pre
sented elongated columns and porous structure with angular grains 
corresponding to the 1st zone of Andres’s structural zone model [33]. 
According to Li et al., [45] at higher applied power, the ions and elec
trons are repelled from the magnetron cathodes that strongly weaken 
the plasma, resulting in a corresponding reduction of number and mo
mentum of particles reaching the substrate. The coating containing the 
highest Zr content (22.2 at.% Zr) was 1.54 µm thick and presented an 
average roughness of 29 nm (Fig. 4e and Table 2). 

Raman spectra of TiN and TiZrN thin coatings are shown in Fig. 5. 
The spectrum of TiN coating shows two broad band’s centered at 250 
and 590 cm− 1, corresponding to (LA and TA) acoustic transition regions, 
and (LO and TO) optic mode regions that were primarily determined by 
the vibrations of the Ti and N bands [52–55]. With increasing the Zr 

content in TiZrN coatings, the FWHM peaks gradually decrease, and the 
peaks of TiZrN coating containing 18.3 at.% of Zr become much nar
rower, and remarkably stronger. Furthermore, a wavelength divergence 
is observed between the acoustic and optic regions from 250 to 618 
cm− 1 to 315 and 590 cm− 1, respectively, with increasing Zr content. The 
215 and 668 cm− 1 peak positions are close to the ZrN, which indicates 
that more Ti atoms are replaced by the Zr atoms, and hence a stronger 
vibration of Zr-N bond is obtained during the deposition [55,56]. 

3.3. Effect of Zr content on the TiZrN coating surface energy and 
wettability 

Fig. 6 depicts the contact angles of water droplets on TiN and TiZrN 
thin coatings. The average contact angle values were 123.0◦, 113.2◦, 
111.4◦, 76.0◦ and 96.4◦ for TiN and TiZrN coatings containing 6.4, 12.1, 
18.3 and 22.2 (at.%) of Zr, respectively. As shown in Fig. 6, TiZrN 
coating containing 18.32 at.% of Zr has the lowest contact angle (76◦). 
This coating showed the highest wettability and a lower hydrophobicity 
as compared to the TiN coating (123.0◦). Therefore, Zr addition to TiN 
coating makes its surface more hydrophilic and improves its wettability. 
TiZrN system in this study, presented the highest contact angle as 
compared to that previous reported works (62◦, 82.2◦) [27,57]. 

This result is consistent with Movassagh et al., [58] work who re
ported a similar study on TiSiN films. They found that the TiSiN coating 
led to a decrease in the contact angle from 82.2◦ to 47.5◦ when Si 

Fig. 3. Cross-sectional SEM images of a) TiN and TiZrN thin coatings containing: b) 6.4, c) 12.1, d) 18.3 and e) 22.2 at.% of Zr.  
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content increased from 0 to 24.7 wt.%. Several parameters such as the 
morphology and the surface roughness play important role in the con
tact angle value [59]. The higher wettability of TiZrN coatings is 
attributed to the low surface roughness (17 nm for the coating con
taining 18.3 at.% of Zr). 

The contact angle increased with increasing the Zr content to 22.2 at. 
%, because of an increase in the surface roughness [60]. According to the 
SEM images of the coating containing 18.3 at.% of Zr, the coating 
became denser with a smoother surface, which led to an improvement in 
the wettability of the coating 

The contact angle measurements were performed using three testing 
liquids (water, thiodiglycol and diiodomethane) for each coating, and 
the total surface energy values of TiZrN coatings were calculated 
(Fig. 7). The water contact angles were generally higher than that 

obtained for thiodiglycol and diiodomethane for all TiZrN coatings. This 
is due to the higher surface tension [61] and the lower viscosity of water 
as compared to thiodiglycol and diiodomethane. It was reported that 
wetting dynamics is changed according to fluid viscosity [62], and hence 
the variations in the wettability maybe because of the lower density and 
molecular weight of water as compared to thiodiglycol and diiodo
methane [63]. The same results were obtained by Navabpour et al. [64], 
where water contact angles were always higher than that of ethyl
eneglycol and diiodomethane on various coating surfaces. 

The total surface energy values for all TiZrN coatings were lower 
than that of TiN coating (77.4 mN/m) (Fig. 7). Generally, it can be seen 
that by increasing the Zr content, the total surface energy decreased, and 
the lowest value of 38.7 mN/m was obtained for the coating containing 
18.3 at.% of Zr. 

Fig. 4. SEM images of a) TiN and TiZrN coating surfaces containing: b) 6.4, c) 12.1, d) 18.3 and 22.2 at.% of Zr.  
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It is evident that surface roughness has a direct impact on the contact 
angle, and hence the surface energy. However, many other factors 
affecting surface energy have been mentioned, such as phase structure, 
hardness or elasticity modulus [65]. According to Pang et al. [66]., 
through film growth, the natural driving force reduces the surface en
ergy, which controls the preferred orientation. The total surface energy 
reduction is caused by the decrease in (200) preferred orientation. 
Surface energy of TiN coating with the (111) preferred orientation will 
be lower than that with the (200) orientation [66,67], which is coherent 
with the results obtained in this study. 

3.4. Effect of Zr content on the mechanical properties of TiZrN coatings 

Hardness (H) and elasticity modulus (E) of TiN and TiZrN thin 
coatings were measured using nanoindentation tests according to 
Oliver-Pharr method [40]. In order to further investigate the effect of Zr 
content on the mechanical properties of the coatings, H/E and H3/E2 

ratios were taken as effective quantitative parameters to analyze the 
elastic and plastic deformation resistance of these hard coatings [45,68]. 
Fig. 8 presents H, E and both ratios for TiN and TiZrN thin coatings. 

The TiN coating hardness (17.5 ± 0.1 GPa) and elasticity modulus 
(164.9 ± 4.6 GPa) were lower than that in the case of TiN coatings 

obtained by other processes [69,70] but higher than the other transition 
metal nitride coatings [44,71]. According to Hall-Petch relation, from 
nanoindentation test, the low H and E values are mainly attributed to the 
high surface roughness and large grain size, which favors the dislocation 
displacement and the coating surface softening [38]. TiZrN thin coating 
with 18.3 at.% of Zr content showed the highest values of hardness 
(25.12 ± 0.11), and H/E (0.139) and H3/E2 (0.49 GPa) ratios (Fig. 8), 
which is mainly attributed to the solid solution strengthening and the 
grain refinement [53,73]. In addition, the high strain and the lattice 
distortion induced by the incorporation of Zr atoms in TiN coating, as 
shown in Fig. 2, also improves the coating hardness [72]. Furthermore, 
the coating growth through the packed (111) plane may also contribute 
to the hardness enhancement [45]. 

Similar result was reported by He et al. [73], where the addition of 
small amount of Cu led to a reductionin the TiN grain size from 25 to 5 
nm, which enhanced the film hardness with a strong (111) orientation. 
Increasing the Zr content to 22.2 (at.%) led to a reduction in the hard
ness (18 GPa), the H/E (0.11) and H3/E2 (0.22 GPa) ratios. This is due to 
the disorder lattice caused by weak crystallinity [44]. A similar decrease 
was reported by Lin et al. [74],. Furthermore, the hardness reduction 
with increasing Zr (22.2 at.%) is mainly due to the incorporation of big 
Zr atoms that increases the grain size (Fig. 2) [75]. 

The enhancement of TiZrN thin coating hardness due to the grain 
size refinement is consistent with Hall-Petch relationship [76]. In this 
work, the lowest grain size was 10 nm, which is considered in literature 
as the lowest grain size leading to the highest hardness. Further grain 
size reduction leads to changes in intragranular processes (grain 
boundary sliding induced) resulting in a decrease in the hardness [77]. 

3.5. Effect of Zr content on friction and wear properties of TiZrN coatings 

In order to investigate the tribological performance of TiZrN coat
ings, wear tests based on ball-on-disk configuration were performed. 
The friction coefficient (CoF) and wear rate results are presented in 
Fig. 9. At the beginning of the friction test, due to the low contact area 
and high contact pressure, sliding is difficult, resulting in a higher CoF. 
In the later stage, the increased contact area leads to a reduction in the 
contact pressure and subsequently a reduction in the CoF as observed at 
the stable state [78]. 

The maximum CoF value (0.60) and the highest wear rate (5.64 ×
10− 4 mm3/Nm) were found for the TiN coating with the lowest hard
ness. The reason for this might be high surface roughness and higher TiN 
(200) intensity as compared by TiN (111) intensity, which has a negative 
effect on the surface energy and causes a higher friction coefficient [46, 

Fig. 5. Raman spectra of TiN and TiZrN thin coatings containing 12.1 and 18.3 
at.% of Zr. 

Fig. 6. Photographs of water droplet contact angles on: a) TiN and TiZrN thin coatings containing: b) 6.4, c) 12.1, d) 18.3 and e) 22.2 at.% of Zr.  
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64]. The high CoF of TiN coating may also be attributed to the lower 
thickness of TiN coating as compared to the other coatings [79]. 

From Fig. 9, we can notice that the addition of Zr led to a relative 
decrease in the CoF and wear resistance of TiZrN coatings, which in
dicates that the wear resistance of TiN is clearly improved by the 
cooperation of Zr. 

The friction coefficient for TiZrN coatings containing 6.4 and 12.2 at. 
% of Zr were 0.56 and 0.50, respectively. The best tribological behavior 
was obtained for the TiZrN coating containing 18.3 at.% of Zr. It pre
sented the lowest values of CoF (0.31) and wear rate (6.65 × 10− 5 mm3/ 
Nm). The improvement of anti-friction of TiN depends on many factors 
such as substrate characteristics, strain rate and contact pressure [80]. In 
our case, the main reason for the decrease in the CoF and wear rate is the 
big atomic radius of Zr and an increase in the solid solution strength
ening with increasing Zr content. In addition, coating surface roughness 
decreased, and its density increased with Zr content. All these factors 
may have contributed to the improvement of wear resistance. The 
highest hardness and H/E ratio of TiZrN coating containing 18.3 (at.%) 
of Zr can be effectively used to predict its tribological performance [81]. 

From Fig. 1, we can notice that TiZrN coating containing 18.3 at.% of 
Zr has a t-ZrO2 phase. This phase has an extremely high tenacity, high 
hardness, high resistance to wear and corrosion. It is considered as an 
excellent lubricant oxide and utilized as additives in lubricating com
mercial oil [82,83]. In the present work, we can say that the existence of 
t-ZrO2 as lubricant oxide phase covering the surface with a soft layer 
contributed to the reduction of friction coefficient to 0.31. 

However, at a high Zr content (22.2 at.%), it is observed that the 
friction coefficient and wear rate of TiZrN coating increased. This could 
be explained by the significant decrease in the coating hardness and H/E 
ratio related to the large volume fraction of elongated columns and 
porous structure showing an angular grain shape (Fig. 3e) [84] 

The SEM observations and EDX analysis of worn surfaces of TiN and 

Fig. 7. a) Contact angle measurements, and b) Total surface energy of TiN and 
TiZrN thin coatings as a function of Zr content. 

Fig. 8. a) Hardness and elasticity modulus, and b) H/E and H3/E2 ratios of TiN 
and TiZrN coatings as a function of Zr content. 

Fig. 9. a) Friction coefficient Vs sliding distance, and b) wear rate and friction 
coefficient values of TiN and TiZrN thin coatings with different Zr content. 
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TiZrN coatings are shown in Fig. 10. Two zones corresponding to worn 
track and undamaged coating were analyzed. We can clearly notice the 
difference between the EDX elemental analyses of both zones. For TiN 
and TiZrN coating having the lowest Zr content (Fig. 10a, b), spalling 
and detachment were observed on the worn surfaces, which is due to the 
low hardness of these coatings. The main wear mechanism of these 
coatings was found to be adhesive wear. 

The results indicated that the TiZrN thin coating with 18.3 at.% of Zr 
exhibited the lowest wear rate, friction coefficient and roughness as 
compared to the other coatings (Fig. 9, and Table 2). This coating pre
sented the best wear resistance (lowest quantity removed of film tested 
under a 2 N normal load for 400 m sliding distance) owing to its high 
structural and mechanical properties [85]. 

A dense and smooth surface has less asperity or voids as compared to 
a rough surface which results in better adhesion. On the other hand, the 
TiZrN thin coating with 18.3 at.% of Zr was found to achieve the high 
hardness (25.12 ± 0.11 GPa), low roughness (17 nm) and higher elasto- 
plastic ratios (H/E = 0.139, H3/E2 = 0.49 GPa) that inhibit the plastic 
deformation effectively and decrease friction and wear. In addition, the 
presence of (111) TiN predominate plane in the TiZrN thin coating 
contributes to low friction coefficient [86]. 

Regarding the elemental compositions (Fig. 10), there is an increase 
in the concentration of Ti, Zr and N, and the presence of O in small 
amounts at the edges of the wear track. The EDX analysis of the worn 
track area (in the middle) showed that the chemical composition of the 
wear debris of the coating containing 18.3 at.% of Zr was 60% Fe, 15% 
Ti, 14.5% N, 7% Zr, and 3.5% O. It showed a decrease in the concen
tration of Ti, Zr and N, and the presence of Fe corresponding to the 
XC100 steel substrate. 

The high iron (Fe) concentrations in TiN and TiZrN thin coatings 
indicate the low coating/substrate adhesion. The smooth surface and the 
good coating adhesion reduced the friction coefficient [87]. The reason 
for the lower wear rate of the TiZrN coating might be related to its higher 
hydrophilicity as well (Fig. 6), which leads to an increase in the number 
of atoms in contact with the surface. As we mentioned in Section 3.4, the 
best mechanical properties were exhibited by the TiZrN coating con
taining 18.3 at.% of Zr and the increase in film crystallinity enhanced 
the tribological behavior (low friction coefficient and wear rate) [88]. 

Similar results were obtained in our previous study, where friction 
coefficients and wear rates of CrZrN coatings were reduced with 
increasing Zr content [89]. However, the TiZrN coating containing a 
higher Zr percentage (22.2 at.%) showed more debris along the edges 

Fig. 10. SEM images and EDX analysis of worn surfaces of: a) TiN and TiZrN thin coating containing: b) 6.4, c) 12.1, d) 18.3 and e) 22.2 at.% of Zr.  
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and the middle of the track due to the weakness of substrate-coating 
adhesion (Fig. 10e). This abrasive failure might be originated from the 
large grain size and the differences in mechanical properties between 
the deposited coating and substrate [90]. 

4. Conclusions 

TiN and TiZrN thin coatings with various Zr contents were deposited 
by r.f. reactive magnetron sputtering. The coating crystalline structure, 
elemental chemical composition, wettability, hardness and wear per
formance were investigated. 

- The Zr content was varied up to 22.2 at.% and all the coatings pre
sented a columnar growth.  

- With increasing Zr content, the preferred orientation was changed 
from (200) to (111).  

- The highest hardness value (25 GPa) was obtained for the TiZrN thin 
coating containing 18.3 at.% of Zr, which has the smallest crystallite 
size (17 nm) and the highest lattice distortion due to the incorpo
ration of Zr atoms in the TiN system.  

- In addition, this coating also presented a smooth surface and lowest 
total surface energy of 38.7 mN/m.  

- The tribological properties of TiN thin coating were greatly enhanced 
by the incorporation of zirconium. 

- The solid solution strengthening led to the reduction of friction co
efficient and wear rate.  

- TiZrN thin coating containing 18.3 at.% revealed the lowest wear 
rate (6.65 × 10− 5 mm3/Nm) and the lowest friction coefficient 
(0.31), which corresponds to the highest H/E (0.139) and H3/E2 

(0.49 GPa) ratios. 
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Abstract 

 

Elaboration and characterization of based titanium and zirconium nitrides coatings 

deposited by magnetron sputtering 

Abstract 

In order to enhance the performance of mechanical components subjected to 

aggressive applications, several investigations in the field of coatings are constantly carried 

out. In this thesis, we are interested in the development of hard coatings. A study on the 

Physico-chemical, mechanical and tribological properties of nanocrystalline coatings based on 

titanium nitrides obtained on XC100 steel substrates by the RF magnetron sputtering process 

under reactive atmosphere was carried out. The objective of our work is to demonstrate the 

opportunity of improving the mechanical properties and the tribological behavior of the TiN 

system by the addition of Zr according to an experimental study. The interest in examining 

these coatings is mainly related to the anti-wear properties of the TiN system. In addition, Zr 

is an important additional element allowing the hardening of metal alloys. Therefore, the 

association of this element can deliver advancement to a new TiZrN coating with better tribo-

mechanical and hydrophobic properties. The results obtained showed a correlation between 

the microstructural and tribo-mechanical properties of the TiZrN coatings under the influence 

of the Zr concentration, which is confirmed by the variation of the mechanical properties by 

improving the wear resistance. 

Keywords: Magnetron sputtering, TiZrN, Structure, Tribo-mechanical Properties, 

Hydrophobic Properties. 

 



Résumé  

1 
 

Elaboration et caractérisation de revêtements à base de nitrure de titane et de zirconium 

par pulvérisation magnétron 

Résumé  

Afin d'améliorer les performances des pièces mécaniques soumises à des applications 

agressives, plusieurs  investigations dans le domaine des revêtements sont constamment 

menées. Dans cette thèse, nous nous sommes intéressés au développement des revêtements 

durs. Une étude sur les propriétés physico-chimiques, mécaniques et tribologiques de 

revêtements nanocristallins à base de nitrures de titane obtenus sur des substrats en acier 

XC100 par le procédé de pulvérisation magnétron sous atmosphère réactive a été réalisée. 

L’objectif de notre travail est de démonter la possibilité d'améliorer les propriétés mécaniques 

et le comportement tribologique de système TiN par l'addition de Zr selon une étude 

expérimentale. L’intérêt d'étudier ces revêtements est principalement lié aux propriétés anti-

usure du système TiN. De plus, Zr est élément d’addition important permettant le 

durcissement des alliages métalliques. Par conséquent, l'association des cet élément peut 

donner la naissance à un nouveau revêtement TiZrN présent des meilleures propriétés tribo-

mécanique et hydrophobiques. Les résultats obtenus montrent une corrélation entre les 

propriétés microstructurales et tribo-mécaniques des revêtements de TiZrN sous l’influence 

de la concentration de Zr est confirmé par la variation des propriétés mécaniques  en 

améliorant la résistance à l’usure.  

 

Mots clés : Pulvérisation Magnétron, TiZrN, Structure, Propriétés Tribo-mécaniques, 

Propriétés Hydrophobiques.  



 ملخص

ية المترسبة عن طريق رش التيتانيوم والزركونيوم الأساس اتطلاءات نيتريدصف عداد وإ

 اطيسيالمغن

  ملخص

 دراساتقاسية يتم إجراء العديد من اللتطبيقات  الأجزاء المعرضةمن أجل تحسين أداء 

 الشرائح الرقيقةباستمرار. في هذه الرسالة ، نحن مهتمون بتطوير  الشرائح الرقيقةفي مجال 

على أساس الخصائص الفيزيائية والكيميائية والميكانيكية والترايبولوجية  دراسة و صلبةال

 المغناطيسيمن خلال عملية رش فولاذية مساند  وم التي تم الحصول عليها علىتريدات التيتانين

تفاعلي. الهدف من عملنا هو إثبات إمكانية تحسين الخواص الميكانيكية والسلوك ال وسطتحت 

 تبط الاهتمام بدراسة هذهوفقاً لدراسة تجريبية. ير الزركونيومبإضافة  TiNالترايبولوجي لنظام 

. بالإضافة إلى ذلك ، يعتبر TiNبشكل أساسي بخصائص مقاومة التآكل لنظام  لشرائح الرقيقة

ارتباط  عنصرًا إضافياً مهمًا يسمح بتصلب السبائك المعدنية. لذلك ، يمكن أن يؤدي الزركونيوم 

ميكانيكية وكارهة للماء.  لوجية جديد بخصائص تريبو TiZrN شرائحهذا العنصر إلى ظهور 

 والميكانيكية الترابطية  بنيويةوجود علاقة بين الخواص ال أظهرت النتائج التي تم الحصول عليها

والتي تم تأكيدها من خلال تباين الخواص  الزركونيومتحت تأثير تركيز  TiZrNلشرائح

 .فولاذيةماسك مع مساند يكية عن طريق تحسين مقاومة التالميكان

، هيكل ، خواص تربوميكانيكية ، خواص كارهة  TiZrN،  اطيسيرش المغن : الكلمات المفتاحية

  .للماء
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