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GENERAL INTRODUCTION 

The main challenges in the industrial field are to design and produce components coated 

with hard films for using in severe environments [1, 2]. These coatings should have low 

coefficient of friction (COF) and high wear and corrosion resistance. Cold spray (CS) is one of 

the coatings processes that rapidly progressed presenting a novel and emerging future 

technology consecutive to the thermal spray techniques. It has a high flexibility in materials 

combination that offers a wide range of applications. 

The prior studies on stainless steel (SS) coatings elaborated by cold spray are very limited. 

Many researchers carried out works to understand the variation of austenitic stainless steel 

properties and microstructure. The effects of cold-spray conditions (e.g. particle velocity, 

temperature …etc) using a nitrogen propellant gas on AISI 316L stainless steel coatings were 

evaluated [3, 4]. It was found that a higher nitrogen propellant gas temperature and pressure 

produce dense coatings. The successful deposition of stainless steel by CS has a strong potential 

in biomedical field due to its characteristics such as ease of fabrication, good mechanical 

strength and corrosion resistance, biocompatibility and low cost [5, 6].  

However, the SS316L surface hardness and the wear resistance are still low in slippery 

environments. The SS hip prostheses must be changed after 10 to 15 years because of the 

localized corrosion and wear, resulting from the high concentration of Cl- ions in physiological 

fluids. Furthermore, poor antimicrobial property is one of the major limitations for stainless 

steel316 L (SS 316 L) that is mainly utilized in manufacturing of surgical instruments [7, 8]. 

In order to improve several properties such as mechanical, tribological, anticorrosion and 

antibacterial performance, it is necessary to enhance the surface features of SS 316L by 

applying protective coatings. In our work, the protective coatings were performed by magnetron 

sputtering technique. This later has rapidly developed and today it is one of the recommended 

techniques used for depositing various industrial coatings. This technique is used to deposit 

high quality coatings by controlling the thermodynamic and the kinetic conditions of growing 

films. It is used to deposit hard, anticorrosion, wear resistant and antibacterial coatings, as well 

as decorative coatings with specific optical and electrical properties [9, 10]. 

For many years, transition metal nitride films have shown a good corrosion resistance, 

high hardness and excellent electrical conductivity. Among them, titanium nitride (TiN) is 

widely used in the manufacturing of cutting tools and medical parts used for orthopedic 
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implants. TiN was also used in stamping tools, bearings, and as a decorative material. TiN 

coating is characterized by high tribological properties during friction due to the formation of a 

solid lubricant. The demand for biomedical and green manufacturing like high-speed machining 

or dry cutting along with the environmental protection legislation and the increase of its 

associated cost make an enormous pressure on the industry [11, 12]. Therefore, the combination 

of the TiN coatings with other elements (e.i. Al, O, Mo, Ag …etc) is usually considered as an 

effective approach to improve the hardness, wear resistance, anticorrosion behavior and 

antibacterial performance. 

TiAlN is one of the most attractive coatings, which is characterized by its abrasion 

resistance at high temperature with a good thermoelectric conductivity and oxidation resistance. 

TiAlN coating exhibits better wear resistance and longer lifetime used for metals machining 

such as aluminum alloys and austenite stainless steel thanks to the formation of titanium and 

aluminum oxides [13]. 

More recently, TiON thin films have shown an effective performance against many pathogenic 

bacteria. N-doped titanium oxide films improve the visible light absorption range of TiO2 since 

N-atoms occupy O-atom sites in the TiO2 lattice forming ionic Ti-O-N bond red shifting the 

TiO2 light absorption range towards the visible region. 

Much attention has been paid to the development of the so-called adaptive materials, which 

means that they have to work successfully under different conditions and adapt to changing 

external factors [14]. 

On the other hand, molybdenum (Mo) is a good element in thin films or bulk materials, 

and functions similarly to vanadium (V). Due to its high temperature resistance, high thermal 

and electrical conductivities, it has been widely used in nuclear, defense and electronics 

industries. Low COF and good wear resistance were observed in various molybdenum-based 

nitride coatings, such as TiN/MoN and TiMoN [15]. This is due to the formation of a lubricious 

molybdenum oxide on the film surface that improves the wear resistance. Therefore, the 

magnéli-phase is a good lubricant in the Mo-based films where the existence of oxygen 

vacancies leads to the formation of easy shear planes with low friction properties.  

Furthermore, Mo-based films were tested on Gram-positive and Gram-negative bacteria and 

showed antibacterial activity. It has been found that TiO2 doped with Mo showed antimicrobial 
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performance on industrial surfaces. On the other side, Ag-nanoparticles were found to enhance 

the photocatalytic activity of TiON [16]. 

The aim of this thesis is to enhance the properties of coatings composed of two layers: 

The first layer of SS316L deposited by cold spray technique. Simulation and experimental study 

was done to identify the best process parameters used for high quality stainless steel coating 

(about 2 mm thick). Then a second layer of TiN(Al, Mo) quaternary coating was prepared by 

reactive R.F. magnetron sputtering. The purpose of this work is to improve the wear and 

corrosion resistance of coating. In this work, an innovative coating (TiMoONAg) was 

developed to enhance its antibacterial performance under solar light. 

This thesis manuscript is divided into five chapters: 

The first chapter focuses on the state of art where the stainless steels and their 

applications as well as the properties of cold-sprayed SS316L are presented. We present a 

global literature review on the binary TiN, ternary TiAlN and quaternary TiAlMoN systems, 

and finally, the novel TiMoONAg alloy coating. 

In the second chapter, we presented the different techniques used for producing coatings, 

namely the cold spray of SS316L and magnetron sputtering techniques. This later was used for 

the preparation of TiN, TiAlN, TiAlMoN with different molybdenum contents, TiOMoN and 

TiMoONAg films with different silver contents. The different characterization methods used to 

determine the microstructural, mechanical, tribological and anti-corrosion behavior of our 

samples are also presented in this chapter. 

In the third chapter, we first presented the optimal parameters of cold spray technique 

used to elaborate a good SS316L coating. The effect of both helium and nitrogen gases used 

was investigated. The tribological behavior was evaluated under different loads in dry 

conditions and the electrochemical corrosion performance was investigated in a 3.5 wt.% NaCl 

solution. 

In the fourth chapter, we presented the hybrid coating developed and elaborated by both 

cold spray (CS) and magnetron sputtering (MS) techniques. In this chapter, we present the 

quaternary TiN(Al, Mo) coatings deposited by magnetron sputtering in a mixture gas (Ar and 

N2). The physicochemical, tribological, mechanical and electrochemical properties of coatings 

were evaluated.  
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The fifth chapter presents the innovative TiMoON and TiMoON-Ag films prepared by 

RF-magnetron sputtering in (N2/O2) gas atmosphere. The physico-chemical properties of these 

coatings were evaluated. These coatings were annealed under vacuum at 400 °C to investigate 

their bacterial inactivation under simulated solar light irradiation. All results were given in 

details with adequate analysis and explanation.  

Finally, the thesis is ended with general conclusions and perspectives for future works. 
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Introduction 

 The increasing demand on stainless steel (SS) is more and more important due to its 

remarkable properties. However, it has some limits related to its low hardness, anticorrosion 

performance and anti-bacterial activity. One of the solutions used to protect stainless steels and 

to provide more functionality to the surface is to coat the manufactured SS pieces. In our work, 

we focus on the SS elaborated by cold spray and coatings deposited by magnetron sputtering 

technique. In the first step, the optimization of processes parameters is indispensable in order 

to get a high quality coating. Then, the physico-chemical and mechanical properties, 

anticorrosion behavior and bacterial activity of thin films are investigated.  

In this chapter, we presented a literature survey on the stainless steels and their 

applications and we concentrate on the SS316L elaborated by cold spray. We present large 

literature reviews on titanium, titanium nitride, ternary TiAlN, quaternary TiAlMoN and 

(TiOMoN)Ag coating systems. 

Part I. 1: Stainless steel 

I.1.1 what is a stainless steel? 

The stainless steel term is used to describe a family of about 200 alloys of steels with 

remarkable properties which in general are iron-based metal alloys containing carbon in the 

0.03% - 1.2% range (Fig. I. 1). The SS is characterized by the high amount of chromium (≥ 

10.5%) that improves its corrosion resistance and strength. The so-called “stainless” character 

is not due to the not oxidization of steel material. In fact, it oxidizes and forms some passive 

film rich in chromium that can protect the material. This mechanism allows retaining good 

appearance for long periods under normal working conditions. 

 

Fig. I.1. The basic elemental composition of stainless steel. 

Stainless steels 

What is a stainless steel?  

The term stainless steel is used to describe a family of about 200 alloys of steel with remarkable 

properties which in general are iron-based metal alloys containing carbon range from 0.03%to 

1.2%. Its distinguishing characteristic is the high amount of chromium a minimum of 10.5%of 

that improves its corrosion resistance and strength. The so-called “stainless” character is not 

due to the fact that these materials do not oxidize, on the contrary. They oxidize and form some 

passive film rich in chromium that can protect the material and self-heal in the presence of 

oxygen. This mechanism allows for retaining a spotless appearance for long periods under 

normal working conditions.  

 

Stainless steel 

Steel 

Iron 
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≤1.2% 
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I.1.2 History of stainless steels 

 Stainless steel followed a series of scientific developments. The chromium content in 

steel was mentioned for the first time in the work of the French chemist Nicolas-Louis 

Vauquelin (1763). The first observations of the "stainless" properties of iron alloyed with 

chromium were performed by Berthier, who showed in 1821 that the iron-chromium alloy was 

more resistant to certain acids. Its corrosion resistance was found enhanced with increasing the 

Cr content [1]. 

 In 1840, both of British Sheffield steelmakers and then German Krupp (1850) were 

producing chromium steel. In 1861, Robert Forester Mushetgota patent on chromium steel in 

Britain. The first American production of chromium-containing steel was performed by J. Baur 

(Chrome Steel Works of Brooklyn) for the construction of bridges [2].  

 In 1904s in France, Leon Guillet prepared some alloys called today “stainless steel” and 

he published a study on chromium-nickel stainless steels (austenitic stainless steels) [2]. The 

German Philipp Monnartz reported on the relationship between chromium content and 

corrosion resistance by analyzing the passivity of stainless steels. In the early 1930s, J. 

Hochmann [1] discovered the austenitic-ferritic mixture phases that called duplex stainless 

steels. They are able to protect themselves from the surrounding environment by the 

spontaneous formation of a passive film on their surface in contact with air or an aqueous 

medium. The passive film of 1 to 10 nm thick is essentially composed of iron and chromium 

oxy-hydroxides [3-4]. The formation of this film leads to interesting mechanical characteristics 

such as mechanical strength, ductility and toughness. This enhances the material lifespan in the 

various environments. 

I.1.3 Classification of stainless steels 

 The stainless steel family has several types of structures, which are differentiated by the 

alloying elements and their percentages. They can modify the iron-carbon equilibrium diagram 

and they can be grouped into two families: α-gene and γ-gene. The α-gene elements favor the 

preponderance at room temperature of the structure (cc) such as Cr, Mo, Si, V, Ti, and Nb. The 

γ-gene elements such as C, N, Ni, Cu, Co, and Mn promote the preponderance at room 

temperature of the crystallographic structure (fcc). We can distinguish four main types of 

stainless steels [3-5]: 
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 Austenitic structure: It presents the largest family of stainless steels with a face-

centered cubic crystal structure. 

 Ferritic stainless steel with a BCC-crystal structure. 

 Martensitic stainless steel with a metastable structure close to ferrite and a composition 

close to austenite. 

 Austenitic-ferritic stainless steels (commonly called duplex steels) having a two-phase 

structure composed of ferrite and austenite. 

I.1.4 Applications and use of stainless steels: 

Stainless steel is used in many fields including (Fig. I. 2): 

 Construction and architecture: Application of stainless steel in construction dates back 

over 90 years [6]. Thanks to its desirable durability and structural properties, it was used 

for many landmark buildings such as the cladding on the Chrysler Building in New York, 

the Atomism building in Brussels, Plaza Decoration Large Outdoor Sculpture Garden 

Statues, towers, domes, footbridges and road bridges.  

 Medical application: medical equipment needs to be in top condition and provides a high 

level of cleanliness. Stainless steel is used for the manufacturing of surgical instruments and 

implants [7] including calipers, scissors, scalpels, tweezers, and dental and orthopedic 

implants. 

 Defense and nuclear industry: Stainless steels are extensively used in heat transport system 

(HTS) of cooled water reactors like boiling water reactor (BWR) or pressurized water 

reactor (PWR)for nuclear application[8], artillery guns, missiles, etc.  

 Industrial applications: hygienic and durable alloy is required in food industries [9] and 

domestic kitchens like washing machines, knives, ovens and hot food containers, etc. It is 

also used in chemical and petrochemical industries. In addition, in order to provide a better 

internal anti-corrosion resistance, stainless steel has been increasingly used in submarine 

pipeline applications [10] as well as for power generation and electrical engineering. This 

type of steel fulfills most of the requirements as bipolar plates in Proton Exchange 

Membrane Fuel Cell [11]. 

 Due to its aesthetic appearance (silver shine), stainless steel is widely used in decoration, 

doors, jewelry, watches, neckpieces, anklets and rings.  

https://en.wikipedia.org/wiki/Face-centered_cubic
https://en.wikipedia.org/wiki/Face-centered_cubic
https://www.sciencedirect.com/topics/engineering/water-cooled-reactor
https://www.sciencedirect.com/topics/engineering/boiling-water-reactor
https://www.sciencedirect.com/topics/engineering/pressurized-water-reactor
https://www.sciencedirect.com/topics/engineering/pressurized-water-reactor
https://www.sciencedirect.com/topics/engineering/bipolar-plate
https://www.sciencedirect.com/topics/engineering/proton-exchange-membrane-fuel-cell
https://www.sciencedirect.com/topics/engineering/proton-exchange-membrane-fuel-cell
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Fig. I.2. Different applications of stainless steels. 

I.1.5 316L stainless steel 

 In this study, we will focus on the austenitic steels, in particular the 316L grade. It is 

classified under the Cr-Ni-Mo austenitic steel category with low carbon, which includes special 

alloys.In this family, we find steels 316, 321, 347 and 304. They have a low yield strength of 

less than 300 MPa, a fracture toughness of 100-278 MPa m0.5.and a hardness of 250-400 HV as 

well asa low elongation[5]. However, 316L steel appears to be the most resistant to cracking 

after holding at high temperature, even under stress. Its ductility remains much higher than that 

of the steels mentioned above [12]. It is easily distinguishable from the rest because of its 

excellent corrosion resistance, in particular against sulfuric, hydrochloric, acetic and formic 

acids; acid sulphates and alkaline chlorides. This is due to the formation of a passive layer 

generally described as being composed mainly of chromium oxide in its internal part and iron 

oxy-hydroxides in its external part [13-14]. In welding applications, we can also remark the 

useof this material, which is due to thelow carbon content-minimal carbide precipitation. 
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I.1.6 Fabrication of 316L stainless steel by cold spray 

  316L stainless steel is elaborated by different techniques such as directed energy 

deposition (DED)[15], wire arc additive manufacturing (WAAM) process[16] and the laser 

direct metal deposition (LDMD) [17], etc. It was also previously obtained by thermal spraying, 

which contains a relatively high amount of oxides [18-20].The recent progress in the cold spray 

technique has been a great development for the deposition of metallic coatings containing little 

oxide [21]. There are several studies on this steel deposited by cold spray [22-24]. It is well 

known as a good corrosion resistant which has widely used in biomedical and food 

industries.To this date, a certain number of works have been carried out to study the 

manufacturing parameters, microstructures and properties of 316L coatings [25-27]. Many 

reserchers have shown that the quality of the cold spray coating depends on the gas used, the 

temperature, the pressure, the nozzle type ans its distance to the subsrtae.  

 In cold spray, the used gas is conventionally air, helium, nitrogen and their 

mixtures.Dikici et al. [28] deposited 316L using helium and nitrogen as the carrier gases with 

thickness of ~ 900 µm. The cross sectional SEM images (Fig. I.3) show a denser microstructure 

with lower volume porosity of 4.9 (±1.18) vol. % and 6.3 (±2.16) vol. % for 316L-He and 316L-

N2 coatings, respectively. 

 

Fig. I.3. Cross-sectional SEM images of 316L coatings deposited with (a) He and (b) N2 [28]. 

 According to Al-Mangour et al. [29], the cold sprayed 316L deposited by using either 

N2 or He propellants has been successfully employed to produce dense coatings with stable 

phase. Low porosity (≤0.3%) was obtained in He-sprayed coatings in the as-sprayed condition, 

while a heat treatment up to 800 °C allowed enhancing the density of the N2-sprayed coating. 

https://www.sciencedirect.com/topics/materials-science/three-dimensional-printing
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Adachi et al. [30] found that deposition of the AISI 316L powders of (5–20) µmat a higher 

nitrogen propellant gas temperature (700-800) °C, a 3-3.5 MPa pressure and a 40 mm standoff 

(distance between the nozzle and the substrate) presented the densest microstructure. They 

indicated that the sprayed coating, using air as accelerating gas, presented a relatively porous 

structure with about 3% of porosity. A dense coating with high micro hardness was obtained 

using an optimized nozzle (Fig. I.4) [26]. 

 

Fig. I.4. OM micrographs of the sprayed 316L stainless steel coating using air deposited with the (a) 

supplied and (b) optimized nozzle [26]. 

 As mentioned by Villa et al. [22] the optimal cold sprayed coating of 316L steel is 

obtained at the highest temperature and pressure. The hardness value of 358 ± 36 HV was 

almost double than that of the initial powder. 

 The study of the tribological properties of the cold sprayed 316L steel is very limited. In 

order to improve the corrosion and wear resistance in dry conditions of commonly used alloys, 

316L stainless steel coating is deposited using cold spray technology. Chen et al [31] improved 

the wear resistance of 316L steel-coated magnesium alloys tested against GCr15 and Si3N4. 

They found high friction coefficients of 0.7 and 0.65 and wear rates of 5.5. 10-4 mm3/Nm and 

9.6.10-5 mm3/Nm, respectively. For the corrosion behavior in a3.5 wt.% NaCl solution, the 

316L coating shifted the polarization curve of magnesium alloy substrate to a lower current 

density value and a more positive potential value: from 2.6×10-5 A/cm2 and -1.27 VSCE to 

2.9×10-7A/cm2 and -0.26 VSCE. Moreover, the stainless steel coatings evidently reduce the 

corrosion current density with no galvanic corrosion sign of the magnesium substrate. 

Corrosion tests performed by Sova et al. [23] showed that the 316L coatings of 1-3 mm thick 

deposited on aluminum substrate using nitrogen as a carrier gas with coarse powder have the 
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lowest potential and the highest corrosion current. The decrease in particle size leads to slight 

decrease in this current density.  

 Dikici et al. [28] found that the 316L coating sprayed using N2 gas presented lower 

corrosion resistance than the material cold sprayed using He gas (tests performed in a 3.5% 

NaCl solution). From Fig. I.5, we can see the presence of small round pits on the 316L-He 

coating and the elongated pits on the 316L-N2 coating. This behavior may be related to their 

higher porosity values, which act as preferential areas to Cl- ions in the solution that facilitate 

the electrolyte penetration. This rapidly reaches the substrate and increases the corrosion of 

coatings. 

 

Fig. I.5. Corrosion and pits morphologies of 316L coating cold-sprayed using (a) He and (b) N2 [28]. 

  Austenitic stainless steels have an important use in the biomaterials field (especially the 

316L stainless steel grade). This is utilized as an implant material to make devices like artificial 

joints, bone plates, and prosthesis. It is also used in food industry which is due to its excellent 

mechanical properties, availability, good biological and chemical properties as well as its low 

cost as compared to other implants metals [32-35]. 

 However, they do not possess antibacterial properties. Inflammation and infection, which 

are usually due to the adherence and colonization of bacteria on biomaterials, are one of the 

major limitations of 316 L stainless steel. The surface of metallic implant and surgical site 

infection associated with surgical instruments which are a part of 316L medical devices are 

susceptible to initial adhesion of pathogenic bacteria including Staphylococcus aureus, 

Pseudomonas aeruginosa, and Escherichia coli [36]. The viability of bacteria attached to the 

316L surface was tested by Jin et al [37] using the spread plate method for Escherichia coli. 

https://www.sciencedirect.com/topics/materials-science/metal-implant
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They observed that the surface of stainless steel was almost completely covered by bacterial 

colonies due to its poor antimicrobial property. This phase becomes more virulent when they 

form a bio-film on the surface that is later hard to be eradicated. Therefore, an ideal device 

surface should be able to combat bacterial adhesion and colonization to prevent post-operative 

infections [38]. 

Part I.2: Titanium-based thin films 

I.2.1 Titanium(Ti) 

 Titanium (Ti) is a transition metal of Group 4 (IVb) of the periodic table and the ninth 

most abundant element on Earth [39]. A compound of titanium and oxygen was discovered in 

1791 by the English chemist and mineralogist William Gregor and independently rediscovered 

in 1795 and named by the German chemist Martin Heinrich Klaprothbut. It could only be 

obtained in high purity with a silvery grey color(Fig. I.6). Only since 1920 its properties were 

discovered by Van Arckel and De Boer [40]. 

 

Fig. I.6. Pure titanium [41]. 

 Titanium (Ti) is a rather abundant metal on Earth but expensive due to its complex 

extraction and purification process. This material is chosen for many applications mainly due 

to its excellent properties (Table. I.1).  

 

 

https://www.sciencedirect.com/science/article/pii/S0300944018301012#bib0030
https://www.britannica.com/science/periodic-table
https://www.merriam-webster.com/dictionary/compound
https://www.britannica.com/science/oxygen
https://www.britannica.com/biography/William-Gregor
https://www.britannica.com/biography/Martin-Heinrich-Klaproth
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Table. I.1. General Properties of Titanium [42-43]. 

Atomic number 22 

Atomic weight (g.mol-1)  47.9 

density (g.cm-3)  4.54 

Thermal conductivity (W.m-1.K-1)  19.2 

Melting point (°C)  1668 

Young'smodulus(GPa)  116 

Vickers hardness (MPa) 800~2700 MPa 

Yield strength (MPa) 380 

 The unalloyed titanium is characterized in particular by the high strength, good oxidation 

and corrosion resistance, and excellent hardness. It has two allotropic varieties (Fig. I.7): The 

phase (hexagonal compact), stable under standard temperature and pressure conditions and the 

β phase (centered cubic), stable above the allotropic processing temperature of 882.5 °C [5]. 

The addition of some chemical elements influences the Ti equilibrium diagram differently. 

Some of them are alphagenic that promote the compactness of the hexagonal α phase (e.g, O, 

N, B, C, Al…). The other betagenic can promote the centered cubic β phase (e.g, Mo, Nb, Fe, 

Cr…). Zn and Zr are neutral elements [43-47]. 

 

Fig. I.7. Crystal structure of: a) α-titanium, and b) β-titanium [47]. 

Titanium films are widely used in microelectronics: Very-Large-Scale Integration (VLSI) 

technology and Micro Electro Mechanical System (MEMS) based devices [48-49]. They are 

used as bolometers in infrared sensors [48], superconducting surface sensors in micro-
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calorimeters and light detectors [5]. Its special properties make it a good choice for different 

applications such as aerospace and aeronautics, chemical, electrochemical, petrochemical and 

nuclear industries. It is well known for its high corrosion resistance, where it is used in the 

offshore oil and gas industry. This material presents also a great potential for the medical and 

aeronautic application [45-46]. It is intensively used in medicine and more particularly to 

develop cardiovascular (stents) and orthopedic prostheses [43]. Its mechanical properties and 

biocompatibility allow designing light and resistant prostheses [50]. Moreover, being non-

magnetic material, titanium is compatible with current medical imaging techniques [51-52]. 

I.2.2 Ti-N coating 

I.2.2.1 Structure et morphology 

Titanium nitride TiN is one of the first industrial PVD nitride coatings [53]. Since 1980, 

it has been the subject of various studies due to its particular properties. TiN has 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 (Fig. I. 8). It is a refractory 

material with a strong covalent Ti-N bonding energy [54]. 

 

Fig. I.8. Lattice structure of TiN [55]. 

 The equilibrium phase diagram of the Ti-N system is shown in Fig. I.9. several stable 

phases exist at low temperature depending on the nitrogen fraction. The solubility of nitrogen 

in α-titanium at low temperature is about 3 at. %. Beyond that, the Ti2N compound is formed 

as well as the δ' compound up to 41 at.% of nitrogen. TiN is a stable phase and has a large 
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domain, ranging from 30 at. % (at 1000°C) up to 55 at. %, which corresponds to a stoichiometry 

variation from TiN0.4 to TiN1.2 [56]. However, Hulten noticed that for strongly over-

stoichiometric coating, with N/Ti ratio> 1.2, the nitrogen is not integrated into the 

crystallographic structure but rather in the form of N2 bubbles at the grain boundaries [57]. 

 

Fig. I. 9. Equilibrium phase diagram of Ti-N binary system [57]. 

 The cathodic magnetron sputtering technique is an interesting alternative, in particular for 

deposition of nitrides such as TiN which are known to have a columnar structure (Fig. I.10.a). 

This is uniform and textured and exhibits a preferential crystallographic orientation [58-59]. 

The<111> orientation is most often observed [60] (Fig. I.10b), although the orientation in the 

<200> and <220> directions are also reported [61]. 

 

Fig. I.10.a) Cross sectional SEM image and b) selected area electron diffraction pattern of TiN coating 

[62-63]. 
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 Pelleg et al. [64] reported that for this material which crystallizes in NaCl type structure, 

the (200) plane has the lowest surface energy. The privileged (111) plane orientation is due to 

the minimization of the energy of the internal stresses which translate the presence of strong 

residual stresses within the coating. More recently, Jones et al. [65] and Aissani et al. [66] 

deposited TiN coatings by magnetron sputtering technique and confirmed that their preferential 

orientation was along the <111> direction. 

I.2.2.2 Mechanical properties 

 In recent years, an important interest has been given to the titanium nitride thin films due 

to the superficial hardening generated by these films. The TiN coating deposited by PVD has 

high mechanical properties [67-68], which provide an improvement in the hardness and 

Young’s module of SS316L substrates [69-70]. In the literature, we found that the hardness 

value of this coating is varied between 15 and 29 GPa [71-72]. Łępickaet al [73] performed 

nanoindentation tests and they found that the hardness and the elastic modulus of the coating 

increased from (7.5 ± 0.7) to (27.4 ± 4.0) GPa and from (231.7 ± 21.4) to (417.9 ± 65) GPa, 

respectively. According to I. Saravanan et al. [74] the microhardness was increased by 

approximately 9 times compared to the uncoated substrate with a fine grain structure and a 

higher resistance to plastic deformation. The residual stress generated in the sputtered TiN film 

can be either compressive or tensile. Its tendency observed in literature depends on the film 

thickness, crystal size, number of defects, adhesive layer and the deposition temperature [75-

77]. 

 

I.2.2.3 Tribological properties 

 Many researchers have studied the tribological performance of the TiN-coated 316L 

stainless steel [78-79]. Quan et al. [80] found that the TiN film improves the wear resistance of 

316L in a Simulated Body Fluid (SBF solution). Wang et al. [81] found that TiN tested against 

Al2O3 counterpart under 2N applied load and a 0.2 m/s speed presented low friction coefficient 

of 0.36 and wear rate of 3.19×10-6mm3/nm. In addition, Saravanan et al. [74] confirmed that 

the TiN coating on the SS 316L surface exhibited a superior wear resistance. These 

investigations demonstrate that the TiN oxidizes to TiO2, which is less resistant to abrasion and 

reduces the friction with increasing temperature during sliding [82]. 
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I.2.2.4 Corrosion behavior and wettability 

 Many studies on corrosion behavior have shown that TiN coatings can improve the 

corrosion response in certain solutions for extensive applications [83-85]. It is a material known 

for its good corrosion resistance, due to the high abandonment potential. In the corrosion 

phenomenon, the oxidation reaction of the TiN takes place in three stages: first, oxygen diffuses 

within the TiN lattice, which leads to the replacement of N by O, leading to the formation of 

titanium oxynitride as a protective film [5]. Hentall et al. [86] found that stainless steel 316L 

coated with TiN presented low contact resistance similar to gold and graphite coatings. Lang et 

al. [87] and Omrani et al. [88] reported that steel with low carbon content coated 

withTiNshowed critical and passive current densities lower than those of the substrate in a 1 M 

H2SO4 solution. Hsu et al. [89] found that by using 3.5 wt. % NaCl solution and with 

comparison to the uncoated substrate (SS316L), the TiN-coated SS316L samples exhibited an 

increase in Ecorr (-0.242 vs. -0.196 VSCE) with a lower corrosion current density value (Icorr. 

= 22.4±1.1 and 19.5±0.1) ×10-9 A/cm2, respectively. They characterized atypical morphology 

of localized corrosion occurred on the surface (Fig. I.11). Wang et al. [90] revealed that Ti and 

TiN coatings enhance the corrosion resistance and lead to relatively stable corrosion potential 

in an SBF solution. These results revealed that TiN coatings clearly improve the corrosion 

resistance of the SS316L. 

 

 

 

 

 

Fig. I.11. Surface morphology of (a) uncoated and (b) TiN-coated SS316L samples after polarization 

tests in a 3.5 wt.% NaCl solution [89]. 

 Generally, a surface is considered hydrophilic with a contact angle <90 °, while it is 

considered hydrophobic if the contact angle is> 90° [49-50]. The spreading properties 

of lubricants become another key factor in the performance of PVD coated tools and therefore 

https://www.sciencedirect.com/topics/physics-and-astronomy/lubricant
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the understanding of wettability has become crucial for optimizing the application field. In 

order to evaluate this ability [91-93], the measurement of different wetting parameters (contact 

angle, surface tension, spreading parameter…) is a good starting approach [94].The hydrophilic 

surface is harmful and prevents combustible gases from accessing the electrode [95]. In 

addition, accumulated water can also accelerate the degradation of corrosion resistance of 

bipolar plates. According to Yi et al. [96] the measured contact angles on 316L stainless steel 

substrate and TiN/316L using deionized water were approximately 81° and 101°, respectively, 

which confirms that the TiN-coated SS316L has a hydrophobic character. 

I.2.3Ti-Al-N Ternary Coating   

 Aluminum (Al) is the 13th element in the periodic table distinguished with a light weight 

and a white color (Fig. I.12) [97]. Aluminum is the most abundant metallic element in Earth’s 

crust. It is also the third most common chemical element on our planet after oxygen and silicon 

and the most widely used nonferrous metal. It normally exists in combination with oxygen, 

silicon, fluorine, and other elements [98-99].  

 

Fig. I. 12. Pure Aluminum [97]. 

The main properties of aluminum are: 

 Excellent conductor of heat and electricity. Its thermal conductivity is about one-half 

that of copper and its electrical conductivity is about two-thirds.  

 It is crystallized in an fcc-structure. 

 Ductile and highly malleable with a low density: 2700 kg/m3. 

 Fusion point of 658 °C and Vickers Hardness of 167 MPa. 

 Low Young’s modulus (70 GPa) and yield strength (11 MPa for a pure Al) 

https://www.sciencedirect.com/topics/physics-and-astronomy/wettability
https://www.sciencedirect.com/science/article/pii/S0257897216304364#bb0195
https://www.sciencedirect.com/science/article/pii/S0257897216304364#bb0210
https://www.britannica.com/place/Earth
https://www.britannica.com/science/heat
https://www.britannica.com/science/electricity
https://www.merriam-webster.com/dictionary/malleable
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 Highly oxidizable element; it is immediately passivated by a thin layer of alumina which 

protects the metal from corrosion and often used in maritime applications. 

 Theoretically, this metal can be 100% recyclable with no quality loss.  

 Re-melting of aluminum doesn’t require a lot of energy, making it a more sustainable 

metal than others [98-102]. 

 TiN coatings have some limitations when used on high-speed machines in dry machining 

conditions, under high temperature [103], which causes the deterioration of the properties of 

the TiN coating. In order to improve the properties of TiN/316L many efforts have been made 

to overcome these limitations by the development of ternary compounds (Ti, X) N [104-105]. 

The titanium-aluminum-nitride is one of the most attractive coating materials that are well-

studied as a ternary system in the 1980s. The first reported phase was Ti2AlN in 1963, which is 

characterized by its resistance to high temperature abrasion and its good thermoelectric 

conductivity [106]. The TiAlN coatings can also be an alternative because they have a great 

improvement in the resistance to oxidation compared to the TiN coatings, being possible to use 

them at high temperature up to 800 °C. In recent years, the TiAlN has attracted a lot of interests 

because it has much better resistance to wear and a longer lifetime compared to the TiN coating 

[107]. 

 Yang et al. [108] studied the effects of Al addition on microstructure and mechanical 

properties of TiN coating. They observed that TiAlN coatings showed columnar structure with 

fine grains, indicating that the increase in hardness results from grain size refinement, solution 

hardening and/or second-phase precipitation as shown in (Fig. I.13). 

 

Fig. I.13. Surface morphology of a)TiN and b) TiAlN coatings [108]. 
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     Knotek et al. [109] and Königet al. [110] reported that Al has a higher activity than the 

Timoving through the parent phase, titanium and aluminum oxides. The formation of Al2O3 

protection layer can also reduce the friction coefficient and the atomic diffusion in the film. In 

fact, this layer prevents the penetration of oxygen and therefore prolongs its lifetime compared 

to the pure TiN [108,111, 112]. 

 The insertion of Al atoms into the TiN structure generally gives a polar interphase causing 

metallic (Ti-Al) and covalent (Ti-N et Al-N) bonds, which directly influence the electrical 

resistance of the TiN and TiAlN coatings [113-115]. Yeung et al. [116] fabricated ternary nitride 

coatings (TiAlN) using reactive magnetron sputtering at working pressures of 0.053 and 0.128 

Pa. They found that increasing the nitrogen pressure led to reduce the film hardness from 18.6 

GPato 13.6 GPa, respectively. Chu et al. [117] studied the mechanical properties of (Ti, Al)N 

films as a function of negative bias voltage, prepared at room temperature by a reactive closed 

field unbalanced magnetron sputtering in argon and nitrogen gas mixture. It was found that the 

variation of hardness and residual stress was clearly related to the negative bias voltages (Ub). 

At higher values of Ub, the enhanced hardness was more significant when comparing with TiN. 

The compressive stress in (Ti, Al) N films, deposited on SS, increased significantly with 

increasing Ub and reached a maximum value of 6.6 GPa. This high value of compressive stress 

was obtained in the film having a dense microstructure. 

In general, the wear behavior of the coatings is evaluated in terms of wear rates and 

friction coefficients during the sliding processes against different counterparts. Wear and 

friction are complicated phenomena because it could be influenced by many parameters such 

as applied load, contact geometry, surface roughness and the existence of transferred layers 

between the counterpart materials, etc. Zhang et al. [118] investigated the performance of 

TiAlN-coated cutting tools in dry cutting. This coating showed an excellent wear resistance 

during machining of basic materials such as aluminum alloys and austenitic stainless steels 

[119]. In addition, according to [120-121], AlCrN and TiAlN coatings were confirmed to be 

also good wear resistant. Therefore, TiAlN coatings were suggested to be more advantageous 

than TiN coatings for high speed machining with respect to machining efficiency aside from 

the importance of TiAlN coatings that could be used at high temperature. Man et al. [122] 

revealed that adding 40 at.% of Al in the coating is the best choice to obtain the best oxidation 

resistance and the best hydrogen permeation barrier performance. The microstructural, 

electrical and corrosion properties of TiAlN/316L coatings were investigated by Yun et al. 
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[123]. The TiAlN film presented a smooth surface with an amorphous structure that resulted an 

excellent corrosion resistance (0.12 μA/cm2) compared to uncoated 316L (1.5 μA/cm2) and 

coated with TiN (0.35μA/cm2). 

The corrosion resistance of TiAlN is better than TiN, which is related to the addition of 

Al as a third transition element [124]. During the chemical attack, Al easily forms Al2O3 layer 

on the surface of the coating, which passivates the surface and prevents further corrosion 

[125].William Grips et al. [126] confirmed that the TiAlN coating exhibits better corrosion 

behavior as compared to the TiN and the CrN coatings tested in a 3.5 wt. % NaCl solution. 

Ananthakumar et al. [127] evaluated the influence of TiN and TiAlN coatings on the 316L 

stainless steel after corrosion test performed in a 3.5wt. % NaCl solution. From the SEM 

images, more defects and corrosion products were observed in the bare SS316L with fine pits 

distributed throughout the surface (Fig. I.14a). For TiN coating, the surface exhibited several 

pinholes morphologies (Fig. I.14b).Thiscan be attributed to the columnar microstructure of the 

sputtered TiN coatings containing a lot of micropores which lead to accelerate the corrosion 

phenomenon. In the case of TiAlN coating, a low corrosion can be observed because of the 

formation of a stable layer ofAl2O3 on the surface of the coating (Fig. I.14c). 

 

Fig. I.14. SEM surface morphology of (a) SS316L, (b) TiN, and (c) TiAlN coatings after corrosion 

tests in a 3.5wt.% NaCl solution [127]. 

Wettability can be described as the better spreading of a liquid on a tested surface [128]. 

According to Mani et al. [129] the contact angle measurements of uncoated SS316L, TiN, and 

TiAlN coatings are shown in Fig. I.15. The measured values were found 65°, 87° and 93°, 

respectively. All the coatings exhibited higher water contact angle values than that of the 

uncoated substrates, which indicate a low surface energy of coatings.  

https://www.sciencedirect.com/science/article/pii/S0272884211006699#bib0110
https://www.sciencedirect.com/science/article/pii/S0272884211006699#bib0115
https://www.sciencedirect.com/science/article/pii/S0301679X20300505#bib16
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Fig. I.15. Contact angles of a) uncoated, b) TiN andc) TiAlN samples [129]. 

Zhang et al. [130] investigated the wettability of polished and multi-scale laser  

treated substrate surfaces and their impact on the adhesive strength of a PVD TiAlN coating. 

The results indicated that adhesion was enhanced by laser surface texturing due to the presence 

of micro/nano-scale grooves on the surface, which increased the hydrophilicity and hence 

the  surface reactivity. On the other hand, it is known that if the surface roughness of a material 

increases, its surface will have low contact angle with water and as a result will exhibit high 

hydrophilicity due to the liquid filling the air pockets in the surface gaps [131]. This was 

confirmed by Çomaklı et al. [132] where the contact angles measured on TiN and TiAlN 

coatings were 65° and 67° that correspond to the surface roughness values of 0.41 µm and 0.38 

µm, respectively. 

I.2.4 Ti-Al-Mo-N Quaternary Coating  

 Molybdenum (Mo) is a lustrous and silvery metal (Fig. I.16). It is the 42th element in the 

periodic table and it is one of the elements of the second transition series, in Group 6B between 

chromium and tungsten. This element was discovered in 1778 by Carl Wilhelm Scheele as a 

new entity from the mineral salts of other metals, and then the metal was first extracted and 

isolated in 1781 by Peter Jacob Hjelm [133]. 

 

Fig. I.16. Pure Molybdenum [134]. 

 

 
 

a) b) c) 

https://www.sciencedirect.com/science/article/pii/S0301679X20300505#bib6
https://www.sciencedirect.com/topics/chemical-engineering/carbide
https://www.sciencedirect.com/topics/engineering/adhesive-strength
https://www.sciencedirect.com/topics/engineering/hydrophilicity
https://www.sciencedirect.com/topics/engineering/substrate-surface
https://en.wikipedia.org/wiki/Carl_Wilhelm_Scheele
https://en.wikipedia.org/wiki/Peter_Jacob_Hjelm
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The main properties of molybdenum are [135-139]: 

- It has the sixth highest melting point (2620 °C) of all elements. It readily forms hard and stable 

carbides in alloys and for this reason the world most production of this element (about 80 %) is 

used in steel alloys, including high-strength alloys and super alloys. 

-  Excellent thermal conductivity and a low degree of thermal expansion. 

- The crystal structure of molybdenum is body-centered cubic structure. Its Vickers hardness is 

approximately 1530 MPa. 

- In Industry, molybdenum compounds (about 14% of the world production) are used in high-

pressure and high-temperature applications as pigments and catalysts. 

-Molybdenum is less toxic than Cr, Co, and Ni. 

-Mo-based films show good biomedical properties (they were tested on Gram-positive and 

Gram-negative bacteria).  

 Important attention has been paid to the development of the so-called adaptive materials, 

which imply to work successfully under various conditions and adapt to changing external 

factors [140-141]. Several researchers demonstrated that the hard coatings are usually 

characterized by good tribological properties through oxidation during friction by the formation 

of a solid lubricant [142-143]. The demand for green manufacturing like high-speed machining 

or dry cutting along with environmental protection legislation and the increase in its associated 

cost has put huge pressure on the industry [144].  

 In fact, the combination of TiN coating with other elements (Al, Mo, Cr, etc) improves 

the hardness and wear resistance of the product. TiAlMoN films with different Mo contents 

were deposited by Yang et al. [145] using magnetron sputtering after depositing a Ti underlayer. 

They observed that both the TiAlMoN film and the Ti underlayer exhibited columnar growth 

perpendicular to the substrate-interface. It has been found that increasing the Mo content led to 

change the structure of TiAlMoN film. At 8.3 at. %, the columnar grains of TiAlMoN film 

disappeared and the film exhibited a good uniformity. With a further increase inMo content 

(12.1 at. %), the film morphology changed again to a columnar-granular structure (Fig. I.17). 

https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/High-pressure
https://en.wikipedia.org/wiki/High-pressure
https://en.wikipedia.org/wiki/Pigment
https://en.wikipedia.org/wiki/Catalysis
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Fig. I.17. SEM cross-sectional structure of TiAlMoN films with different Mo contents: (a) 2.8 at.%; 

(b) 8.3 at.% and (c) 12.1 at.%[145]. 

 From the literature, we can notice that the TiAlMoN films mainly present the TiN 

withother phases of Ti2N, AlN, Mo2N and MoN[146-145]. The presence of these phases 

suggests that Al and Mo atoms incorporate within the TiN crystalline lattice resulting in solid 

solution. It was observed that the molybdenum addition to TiAlN led to enhance the hardness 

and the elastic modulus of film. The improvement of mechanical properties is due to the 

increased solution strengthening [147-148]. According to Qi et al. [149], for the fcc structure 

nitride films, the TiN(111) preferred orientation has the lowest Schmid factor compared to (220) 

and (200) planes, which explains its high hardness. Otherwise, the enhanced mechanical 

properties can also be explained from XRD analysis by the increasing of intensity of TiN (111) 

peak with increasing the Mo content. 

Low friction coefficient and excellent wear resistance were observed in various works 

investigating Mo-alloyed nitride coatings, such as TiN/MoN [150], TiMoN [151-152] and Mo–

Si–N [153]. Molybdenum is considered as a potential alloying element in films which form a 

series of oxides that belong to the group of so-called Magnéli phases, depending on the specific 

order of oxygen vacancies leading to the formation of easy shear planes with low friction 

properties [154-155]. It is well accepted that the low friction of Mo-containing coatings is 

attributed to the formation of a lubricious MoO3 layer through tribo-oxidation [146]. Yang [156] 

compared the friction and wear behaviors (in dry condition) of Mo-containing coatings 

(MoTiN, MoAlTiN, MoCrN and MoZrN) with their corresponding Mo-free TiN, AlTiN, CrN 

and ZrN coatings. It has been found that coatings doped with Mo had relatively lower friction 

coefficients. However, limited studies were carried out on quaternary nitride coatings doped 

with molybdenum such as TiAlMoN [157] and TiMoCN [158]. Regarding the previous works, 

 

 

 

Fig. I. 17. Secondary electron mode SEM cross-sectional structure of TiAlMoN films with different 

Mo contents: (a) 2.8 at.%; (b) 8.3 at.% and (c) 12.1 at.%[145]. 

(a) (c) (b) 
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molybdenum is expected to be a good candidate for enhancing the wear and corrosion 

resistance.  

Sergevnin et al [146] explained the decrease of friction coefficient of TiAlMoN films 

from 0.5 to 0.35 tested against Al2O3 balls in dry conditions by the formation of MoO3 that acts 

as a solid lubricant. Tomaszewski et al [155] confirmed the improvement of tribological 

properties by the addition of molybdenum in TiAlN coatings. Yang et al [145] indicated that 

the best wear resistance was found for the TiAlMoN film containing 8.3 at. % of Mo, resulting 

from the highest toughness and the formation of molybdenum trioxide on the wear track 

surface. There are no previous studies on the wettability and pitting corrosion of the TiAlMoN 

coating.  

I.2.5 Ti-O-Mo-N-Ag Quinary Coating  

 Pure silver (Ag) is nearly white and lustrous transition metal (Fig. I.18). It has an atomic 

number of 47 and it is located in Group 11 (Ib) and Period 5 in the periodic table, 

between copper (Period 4) and gold (Period 6). Its physical and chemical properties are 

intermediate between those Cu and Au metals. Silver is found in the Earth's crust in a pure form, 

free elemental form "native silver", or as an alloy with gold and other metals, and in minerals 

such as argentite and chlorargyrite [159]. 

 

Fig. I.18. Pure Silver [160]. 

 The main properties of Silver are: 

 Silver is soft, very ductile and malleable metal. It has the highest electrical conductivity 

of all metals, but it is not widely used for electrical purposes as it is very expensive. It 

also has the highest thermal conductivity and reflectivityand it is used in fabricating 

https://www.britannica.com/science/periodic-table
https://www.britannica.com/science/copper
https://www.britannica.com/science/gold-chemical-element
https://en.wikipedia.org/wiki/Alloy
https://en.wikipedia.org/wiki/Gold
https://en.wikipedia.org/wiki/Argentite
https://en.wikipedia.org/wiki/Chlorargyrite
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printed electrical circuits and as a vapour-deposited coating for electronic conductors. 

It isoften alloyed with such elements as nickel or palladium for use in electrical 

contacts. 

 Silver is one of the noblest and lowest chemical reactive element among the transition 

elements. It is a highly inactive metal (it does not react with oxygen in air under normal 

conditions).  

 Silver has an  fcc crystalline structure and its Vickers hardness and Young’s modulus 

are approximately 251 MPa and 8.3 GPa respectively. 

 Silver is a natural element that has been used for currency and jewelry, for food serving, 

for water purification and more recently for industrial applications. 

 It was perhaps the most important antimicrobial compound before the production of 

antibiotics in the 1940s. It is still used today in a wide range of medical applications 

because of its antibacterial effects and low toxicity to human cells. 

 Silver is also widely used as a (co-) disinfectant of water systems such as swimming 

pool water, hospital hot water systems and potable water systems. It does not cause any 

undesirable effect on the color, taste and odor of water [159-164]. 

There are no previous studies on the TiOMoNAg coating. We are the first who elaborate 

this coating by magnetron sputtering and investigate its antibacterial performance under solar 

simulated light with different conditions. This type of components can be designed as an 

advanced antibacterial TiOMoNAg coating. In this section, we introduce the important role, 

influence and effectiveness of this component on the antibacterial performance. 

Infections due to bacteria are still unfortunately a major issue worldwide. It is reported 

by World Health Organization that approximately 1.4 million people suffer from serious 

infections by human pathogen in healthcare environments (nosocomial infections), which are 

considered as the fourth leading cause of disease in developed countries [165]. The number of 

patients that are affected by healthcare-associated infections is in the order of 108 each year, 

leading to significant mortality and financial losses for health services across the world [166-

168]. 

The ability to sterilize these surfaces is a key to human comfort and health. However, the 

use of antibiotics to treat these infections implies high costs and induces bacterial resistance 

when administered for an extended time. Environmental pollution has been detected due to 

https://www.britannica.com/technology/electronics
https://www.britannica.com/science/nickel-chemical-element
https://www.britannica.com/science/palladium-chemical-element
https://www.britannica.com/science/transition-metal
https://www.britannica.com/science/transition-metal
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furtive emissions from hospitals and health care facilities because of the use of antibiotics, 

antiseptics, and related drugs to eradicate pathogens [169]. For instance, titanium and its alloys 

have attracted considerable attention in biomedical applications (e.g. dental implants, artificial 

joints and surgical tools). One of the limitations associated with the use of biomedical devices 

is represented by bacterial infection resulting morbidity and implantation failure [170]. Since 

the contaminated medical device, surface serves as potential microbial reservoirs causing 

nosocomial infections. In fact, different surface modification methods have been attempted to 

prevent bacterial infection to the surfaces by means of surface engineering techniques to 

introduce antibacterial coating. 

Recent research has explored the use of binary metal oxides, as an advanced infection process 

by the generation of reactive oxygen species (ROS) from photoactivated semiconductors which 

can effectively kill bacteria [168-170].  

Among all the semiconductors, titanium dioxide (TiO2) is the most popular 

photocatalyst and has exhibited great potential in water purification considering its non-

toxicity, low cost and strong oxidizing [171]. A faster bacterial and viral inactivation by TiO2-

based compounds was observed when additives such as N, Zr, Mo, Ag or Cu modified the TiO2 

surfaces [172-174]. The antibacterial efficiency of silver coatings mainly depends on the release 

rate of silver ions from the coatings [175], while the TiO2 photocatalysts generate strong 

oxidizing power of holes (h+) and electrons (e-) leading to hydroxyl radicals (·OH), singlet 

oxygen (O−.) and hydrogen peroxide (H2O2) that cause cells damaging under UV light [176]. 

TiO2 can only respond in the ultraviolet (UV) region, which limits its utilization under solar 

light [177]. More recently, TiON thin films have shown to be effective against many pathogenic 

bacteria. N-doped titanium oxide films also improve the visible light absorption range of TiO2 

since N-atoms occupy the O-atom sites in the TiO2 lattice forming ionic Ti-O-N bond red-

shifting the TiO2 light absorption range towards the visible region [178].  

Furthermore, Mo-based films tested on Gram-positive and Gram-negative bacteria 

presented beneficial properties. Krishnamoorthy et al. [179] investigated the antibacterial 

efficiency of MoO3 nanoplates against pathogenic bacteria (E. Coli, Salmonella typhimurium, 

Enterococcus faecalis, and Bacillus subtilis) and confirmed their antibacterial activity similarly 

comparable with the antibiotic Kanamycin. Zollfrank et al. [180] and Tétault et al. [181] found 

that the antimicrobial activity of MoO3 particles or sol–gel derived coatings is due to the in-situ 

formation of (H3O
+) ions. The diffusion of H3O

+ ions into the cell membranes destroys the pH-
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equilibrium and enzymatic transport systems, thus deteriorating proliferation of bacteria. Fisher 

et al. [182] reported that TiO2 doped with Mo enhanced the antimicrobial behavior of industrial 

surfaces.  

 However, the widespread usage of TiO2 and MoO3 semiconductors are limited by their large 

band gap (e.g. 3.2 eV for anatase and 3 eV for rutile) and (h-MoO3 and a-MoO3 are estimated 

to be 2.98 and 2.84 eV) with fast recombination of photo-induced electron-hole pairs [183-184]. 

Advanced works have been carried out to solve the above problems and suggest the 

combination of semiconductors to form a heterostructure that provides a promising way to 

enhance the visible light responsive compound. Recently, Ag2O is found to be a self-stable and 

highly efficient visible-light photocatalyst with a narrow energy band-gap of ∼1.2 eV [185]. It 

has been demonstrated that the heterojunction of Ag2O with other semiconductors could 

efficiently enhance the visible-light induced photocatalytic activity, such as Ag2O/TiO2 [186] 

and MoO3/SiO2/Ag2O[187].The semiconductors combination seems extremely good for 

improving the photo degradation ability and antibacterial capability under visible light 

irradiation by its strong visible-light absorption and effective inhibition of the recombination of 

photo-induced electron-hole pairs. Also Adlhart et al. [188] reported that the higher 

hydrophobicity of films led to a higher capability to inhibit bacterial adhesion which is similarly 

confirmed by Zhao et al. [187]. 
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Conclusion 

In this chapter, we presented detailed literature data on the materials and elaboration 

techniques used in our work. The most recent research findings were presented.  

First, we presented the general properties of stainless steels and in particular the 316L 

elaborated by the cold spray technique. The main characteristics of stainless steels and limits 

were well introduced.  

In the second part, we gave a resume on the different titanium-based thin films previously 

studied and the main approaches used for improving the surface properties. Several systems 

have been developed basedon the TiN binary system then the ternary (TiAlN) and the 

quaternary (TiAlMoN) systems. The doping effects with different elements as well as the 

magnetron sputtering parameters used to ameliorate the physicochemical, mechanical, 

tribological and anticorrosion properties of coatings were presented.  

Finally, we introduced our novel coating TiOMoNAg developed in this thesis by adding 

literature data on relatively close components evaluated in previous works destined to the 

enhancement of antibacterial performance.  
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Introduction 

This chapter presents the different techniques used for producing coatings developed in 

this study. Cold Spray (CS) technique was used to elaborate 316L stainless steel using helium 

and nitrogen. Kinetic Spray Solutions (KSS) software was used to simulate the process before 

cold spraying. We will also explain the Magnetron Sputtering (MS) technique used to perform 

thin films. The MS technique was used for the preparation of the following thin films: TiN, 

TiAlN, TiAlN-Mo with different molybdenum contents, TiMoON and TiMoON-Ag with 

different silver contents. The different characterization methods used to determine the 

microstructural, mechanical, tribological, anticorrosion behaviors and antibacterial 

performance of the developed coatings are also presented in this chapter. 

II. Elaboration techniques 

 

II. 1 Cold spray technology 

II. 1.1 Scientific background 

The Dynamic Gas Projection Procedure (CGDS: Cold-Gas Dynamic Spraying) is a new 

coating technology, initially developed by Alkimov et al. [1] in the mid-1980s at the institute of 

theoretical and applied Mechanics of the Siberian division in the Russian Academy of Sciences 

of Novosibirsk. The basic idea behind the cold spray is quite simple and the concept was already 

patented at the beginning of the 20th century. The invention of the cold spray process dates back 

to the time of the invention of thermal projection process by Schoop [2]. However, the idea of 

using the impact energy of particles to produce the coating using a gas vector jet to accelerate 

the solid particles was studied on diphasic supersonic flows (gaseous compound associated with 

solid particles). With the use of particles as trackers in the gas flows with different impact 

angles, they can adhere to various materials when the impact speed is higher than a certain 

critical value [2]. A wide range of materials (metals, alloys or even composite) can be projected 

on a wide variety of substrates for multiple applications.  

After being patented in the United States [3] and in Europe [4], the Cold Spray process 

was born in 1994 by Papyrin who defines it as follows [5]: “Dynamic gas projection more 

commonly known as Cold Spray is a process for making deposits by exposing a metal or 

dielectric substrate to a high speed jet (from 300 to 1200 m.s-1) small particles (1 to 50 μm) 

accelerated by means of a supersonic flow of a compressed gas.” 

The difference between the cold projection process and other thermal projection 

procedures (arc plasma projection, flame spraying, HVOF (High Velocity Oxy-Fuel)) is 
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illustrated in Fig. II.1. These processes are distinguished between them in particular by their 

gas temperature and projection yield as a function of the particles speed and the deposition rate, 

respectively. In the thermal spray process, a coating is formed by melting the material then 

dipping the melted droplets. Consequently, thermally projected coatings generally have 

microstructures with various degrees of porosity, oxides and other inclusions, and low corrosion 

resistance [6]. However, in the cold spray, gas heating only gives the flow of injected particles 

a higher speed [5] (supersonic speed) by kinetic energy and not to use this heat to melt the 

particles which plays a role on their physical conditions of the impact of particles. 

 

Fig. II.1. Comparison between different thermal spray processes [7-8]. 

II. 1.2 Principle of cold spray 

Fig. II.2.a shows a typical CS system using nitrogen (N2), helium (He) or air as a 

propellant gas and also sent to the powder feeder (carrier gas) to drive the powders into the 

nozzle [9]. 

During a spraying process the propellant gas can be heated up to 900 °C under high 

pressure generally set in 1.5-3.5 MPa range. This will accelerate the metal powders with a 

particle size distribution between 1 and 50 μm through a convergent-divergent de-Laval nozzle 

to reach a high velocity (500–1200 m/s) [10]. The heated particles at a temperature lower than 

the melting point impact the substrate and form a coating. So the cold spray process is based on 

the transformation of the kinetic energy of particles into plastic deformation and thermal energy 

when impacting with the substrate [11]. 

Cold spraying was performed using a CGTK3000 cold spray system. Fig. II. 2b presents 

the de-Laval type converging–diverging nozzle where nitrogen and helium as process gases 
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were used for powders spraying via SiC-OUT4 and SiC-OUT1 nozzles, respectively. The 

industrial robot arm is used to perform the motion of the spray gun in order to achieve 

controllable, safe and accurate spraying path. 

 

Fig. II.2. (a)Schematic diagram of the CS system, and(b)the cold spraying deposition machine [12]. 

II. 1.3 The main spraying parameters in cold spray 

Many works described the relationship between the spraying parameters and the coating 

characteristics as well as the coating applications [11-12].  

II. 1.3.1 Particle speed 

The particles speed (Vp) is an essential parameter in the projection carried out during the 

cold spray process [13]. The adhesion of particles to the substrate depends on a critical speed, 

which influences the adhesion force and the film surface [14]. Only particles reaching this speed 

can likely adhere to the substrate by a complex phenomenon involving large deformations by 

the accumulation of successive layers. In the case that particles speed is low and cannot achieve 

the requested critical value, they will rebound and can erode the substrate surface (Fig. II.3) 

[15]. 
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Fig. II.3. Diagram illustrating the effect of particle velocity on deposition efficiency [15]. 

The critical velocity (Vcrit) of the projected particle was evaluated by Schmidt [16] as 

follows (Eq. II.1): 

Vcrit= 667 - 0.014ρ + 0.08(Tf-Tr) + 10-7Re– 0.4(Ti-Tr)            (II. 1) 

Where ρ is the density of the projected particle, Tf its melting temperature, Tr the reference 

temperature (20°C), Ti the impact temperature and Re the yield stress of particle material. 

This velocity directly depends on the projection conditions such as the characteristics of 

the carrier gas (nature, pressure, temperature) and particles (chemical composition, density, 

size, and shape) as well as the parameters of the machine (type of nozzle, distance from the 

nozzle to the substrate, projection angle). 

II. 1.3.2 Spray distance 

The distance between the nozzle and the substrate surface is known as the spray distance 

or standoff distance. It has an impact on the final states of particles that reach the substrate and 

consequently the coating thickness and deposition efficiency [17] (Fig. II. 4). 
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Fig. II.4. Effect of the spray distance on the deposition efficiency. 

The increase in the standoff distance generally results a lower particle speed due to the 

applied drag force as shown in Eq. II.2[18].  

F =
Cd Apρg (Vg−Vp)2

2
              (II. 2) 

Where Cd is the drag coefficient, Ap is the cross-section of the particles (in m2), ρg is the 

gas density (in kg.m-3), (Vg-Vp) is the relative velocity between gas and particle (in m.s-1). 

Computational and experimental studies were performed by Pattison et al. [19] to 

understand the effect of standoff distance. They reported that a small standoff distance (<6 cm) 

can reduce the particle velocity and deposition efficiency. This is due to the bow shock 

phenomenon occurring near the substrate surface caused by the free gas jet impingement, which 

decreases the particle velocity before impact. They reported that the standoff distance should 

be optimized to achieve high particle velocity and deposition efficiency. The optimum distance 

should be defined and kept constant during the deposition process. 

II. 1.3.3 Projection gas 

For the type of vector gas, it is conventionally air, helium, nitrogen or their mixtures. The 

use of nitrogen reduces the oxidation of the projected material (unlike air) but the hard materials 

cannot be deposited with nitrogen gas because higher speed is required. Therefore, helium is a 

good solution thanks to its inert reactivity and smallest molecular mass to reach the highest 

particle speed. Yoon et al. [20] reported the improvement in deposit efficiency obtained when 
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the processing gas changed from nitrogen to helium during projection. Helium velocity is much 

higher but more expensive than nitrogen, however, as a solution a helium recovery system 

(HRS) is usually installed to recover it [21]. 

The other important parameter is the temperature and pressure of the vector gas. The 

increase in the deposition efficiency was reported by Li et al. [22] during the study of sprayed 

titanium powder as a function of propellant gas temperature. They found that there was no 

particle deposition occurred at a low nitrogen gas temperature less than 155 °C. Increasing the 

temperature led to enhancing the deposition efficiency, in particular, when the nitrogen 

temperature exceeded 215 °C. The effect of gas temperature on morphology and properties of 

304 stainless steel coatings was studied by Meng et al. [23]. They found that the increase in the 

gas temperature from 450 to 550 °C reduced the porosity of the coating from 6% ± 0.5% to 2% 

± 0.3% with the formation of a denser morphological structure with a better corrosion 

resistance. The propellant gas pressure is also an important factor that influences the speed of 

particles. The results obtained by Li et al. [24] showed that the particles velocity increases with 

the increasing of gas pressure whatever the type of gas and the speed remains higher with 

helium than with nitrogen. 

II. 1.3.4 Projection angle 

The angle between the nozzle and the substrate surface is known as the spray angle. The 

ideal conditions, as reported by Karthikeyan et al. [6], the CS nozzle should be oriented 

perpendicularly to the substrate throughout the deposition to obtain the highest particle impact 

energy against the substrate, which would give high-quality coatings. Yin et al. [25] noticed that 

the particles sprayed with an angle less than 90° deformed locally on one side owing to the 

tangential momentum. This one-sided localized deformation increased with a further decrease 

in spray angle, leading to poorer particle deposition. As well, adhesion strength, coating 

thickness, density and mechanical properties deteriorate with respect to decreasing the CS 

angle. 

In general, the inclined spray angle causes the particle rebounds during the impact on the 

substrate which increase particle loss and reduce deposition efficiency. Therefore, the most 

active manner is that the spray angle should be maintained perpendicular (at 90°), which is easy 

for a plane surface. However, according to Singh et al. [26], it is not feasible to consistently 

carryout CS at an orthogonal angle with respect to the substrate surface since the majority of 

https://www.mdpi.com/2075-4701/11/12/2016/htm#B102-metals-11-02016
https://www.mdpi.com/2075-4701/11/12/2016/htm#B103-metals-11-02016
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engineering components have complex geometries. Therefore, it is pertinent to investigate the 

effect of spray angle on deposition mechanism and the associated coating properties. 

II. 1.3.5 Projected Feedstock (powder) 

The choice of powders used in cold spray is based on their ability to deform plastically 

during the impact on substrate. In practice, the class of materials most usable in cold spraying 

corresponds to ductile metals and alloys. Soft particles deform more severely than hard particles 

and result better adhesion strength. Hard particles cause erosion of the substrate, while soft 

particles deform over the substrate without causing erosion [27].The majority of studies on the 

cold spray process focus on the deposition of ductile metals such as aluminum [28], copper 

[29], stainless steels [30], nickel-based alloys [31], etc. 

The spherical morphology is preferred to achieve better adhesion strength and denser 

coating microstructures [32]. Spherical particles penetrate deeper inside the substrate and 

undergo the phenomenon of jet formation, which leads to higher adhesion strength. 

Additionally, smaller particles attain higher velocity at the nozzle exit than the larger particles 

owing to their lower mass. However, the bow-shock effect is stronger for smaller particles that 

reduce their impact energy [33]. 

II. 1.3.6 Substrate 

In cold spray, substrate deformation promotes the jet formation [25]. Soft substrates, such 

as aluminum and copper, are more susceptible to deformation than hard substrates, such as 

ceramics and steel, which improves adhesion strength [34]. Wang et al. [35, 36] found that a 

hard steel substrate induced high deformation onto the striking Al particles, which improved 

the cohesive strength in the coating nearer to the substrate. They found that softer substrates 

resulted in higher deposition efficiency, better cohesion strength, higher hardness and lower 

porosity [36]. 

There are contradicting reports on the effect of substrate roughness concerning adhesion. 

For instance, Hussain [37] reported that smoother substrate surfaces are best for good adhesion 

strength. Kumar et al. [38] found that semi-polished substrates were ideal for achieving the best 

adhesion for a copper-steel combination. Singh et al. [33] obtained better adhesion for mirror-

finished substrates than semi-polished and as-received substrates for the same material 

combinations. It is also reported by Ghelichi et al. [39] that with a higher roughness of substrate 

https://www.mdpi.com/2075-4701/11/12/2016/htm#B110-metals-11-02016
https://www.mdpi.com/2075-4701/11/12/2016/htm#B46-metals-11-02016
https://www.mdpi.com/2075-4701/11/12/2016/htm#B63-metals-11-02016
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surface, the deposition efficiency of metal powders increases because the impacting particles 

deform more severely on a rough surface compared to a smooth one. 

The substrate pre-heating results in the softness of the substrate surface, which facilitates 

deformation of the substrate during the impact of the particles, resulting in jet formation and 

better bonding strength [40]. Fukumoto et al. [41] found that for high substrate temperature, 

higher deposition efficiency was obtained with Cu particles. Perton et al. [42] applied laser heat 

treatment prior to CS to improve the adhesion strength by reducing the substrate hardness. 

II. 1.4 Advantages and limitations of cold spray 

As with any other material processing technique, the cold spray process has its own 

advantages and disadvantages. The main advantage over thermal spray techniques is the low 

temperature involved which minimizes any probable phase change and maintains the particles 

in their unmodified solid state. The other advantages can be summarized in the following points 

[13, 16, and 43]: 

• Avoid oxidation and undesirable phase changes; 

• Deposition of thicker coatings thanks to the elimination of solidification stresses; 

• Provide a high-density, high-strength, and high-hardness microstructure; 

• Spraying of fine-grained powders (<5–10 μm); 

• Achieve high deposition efficiency and high deposition rate; 

• Produce substrate-coating couple with different materials; 

• Minimal substrate preparation with surface preparation/masking; 

• Recycling of particles and spray gases (e.g. helium); 

• Increase operational safety due to the absence of high temperature gas jets, radiation 

and explosive gases; 

• The gas temperature being low, no melting of the material being sprayed. 

Some disadvantages of the cold spray process can be listed by: 

• Hard materials such as pure ceramics and some alloys (such as hard hardened alloys) 

are difficult to be deposited; 

• Cold spray coatings on ceramic substrates have limited bond strength, as the process 

requires some substrate ductility to produce well-bonded coatings; 

• Gas flow rates under high pressure leading to high gas consumption that results a high 

cost (problem with helium for example). 
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II. 1.5. Numerical simulation 

In order to evaluate the cold spraying and try to estimate the optimum spray conditions, 

numerical simulation using the commercially available Kinetics Spray Solutions (KSS) 

software was done to simulate the CS process before our experimental work. Thus, the software 

of fluid dynamic modeling was employed to determine the effect of different parameters; it is 

able to calculate the particle velocities and gas temperature at the set process conditions. The 

simulation can describe also the influence of particle size, nozzle geometry and all significant 

process parameters [44-45]. 

In our work, 316L stainless steel was elaborated by CS process on aluminum substrates 

considering the ideal parameters mentioned above and the values obtained by the numerical 

simulation. All CS process details and results are presented in next chapter, Chapter III.  

II.2 Magnetron sputtering technique 

II. 2.1 Sputtering mechanisms  

Sputtering is one of the oldest techniques used for forming thin films discovered by 

William Robert Grove in 1852 [46]. It showed later the appearance of a thin film at the anode 

during an electric discharge between two conductive electrodes under a reduced pressure of 

inert gas. Sputtering systems allow the deposition of any type of solid materials at room 

temperature for many publications. 

The most important physical phenomenon in sputtering technology is the momentum 

transfer between energetic atomic-sized particles (usually ions of gases) and the atoms of the 

surface of the material (Target). During the interchange of momentum, many effects can be 

produced through the elastic and inelastic collisions. During the first collisions, mainly reflected 

particles can be found (neutrals, ions of target and gas). In the second step, the collisions can 

result in secondary electrons, X-rays and implanted particles. Fig. II.5 shows the different 

processes that may occur during the interaction between the charged particles and the surface 

of the material [47, 48]. 
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Fig. II. 5. The main physical processes produced in sputtering technique [49]. 

Sputtering is considered as a simple erosion of the surface, namely target, by the energetic 

particles, which is a sort of atomistic sandblasting [50]. The mechanism of the conventional 

sputter deposition is based on the ejection of atoms from a solid material by bombarding its 

surface with energetic species. A simplified schematic illustration of the sputtering process is 

shown in Fig. II.6. 

In practice, target acts as a cathode and substrate acts as an anode and an inert gas is used 

as a sputtering medium such as Ar+ to reduce the reactions with any component in the chamber. 

By applying a potential difference, the positively charged gas ions (Ar+) are accelerated towards 

the cathode and sputter out electrons and target species from the target surface [51]. This 

ionization process can be described as follows (Eq. II. 3): 

Ar + e- → Ar+ + 2e- (II. 3) 

Electrons emitted from the surface, also known as secondary electrons, are repelled from 

the cathode and generate more sputtering gas ions through collisions which create plasma 

maintaining the density of gas ions. When an ion collides with the target, the kinetic energy of 

the ion is transferred to the atom of the target. This collision may lead to the sputter ejection of 

an atom from the target surface depending on the energy of the impinging ions. If the energy of 

incoming ions is sufficient, the atomic bonds are broken and atoms are ejected from the surface 
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[52-53]. The ejected target species are transferred through the gas phase to be deposited on a 

substrate and eventually form a film. 

 

 

 

 

 

 

 

 

 

 

 

Fig. II.6. Schematic illustration of a simplified sputtering process. 

 A useful parameter of the sputtering process is the sputtering yield (S) which is defined 

as the number of atoms ejected per incident ion [53]. The sputtering yield depends on various 

parameters, such as masses of the incident and target atoms, surface binding energy of the target 

material and the energy of the incident atoms/ions [51]. It is sensitive also to the angle of 

incidence of the bombarding particle. For ion energies from 100 eV to 1000 eV the sputtering 

yield can be calculated as follows (Eq. II. 4): 

Y = 
3α

4π2

4mimt

(mi+ mt)
2

E

U
         (II. 4) 

Where mi is the atomic mass of the bombarding incident ion, mt is the atomic mass of the 

target material (g.cm-3), U the binding energy of the target surface atoms (eV), E the energy of 

the incident ion (eV), and  depends on the ratio of the masses of the target atom and the 

incident ion (monotonically increased with mi/mt; for a ratio 0.1  = 0.17, for a ratio 10  =1.4) 

[54]. 

The target can be powered in different ways using D.C (Direct Current) for conductive 

targets and R.F (Radio Frequency) for non- conductive targets: 

 In the D.C sputtering process, the voltage applied is a direct voltage. This process is 

used exclusively for the preparation of thin metallic layers. The main disadvantage of 

 

 

 

 

 

 

 

 

 
Target 

Sputtering  
gas supply 

Pumping  
system 

Gas 
ions 

Sputtered  
particles 

Electrons 

Film Deposition 



 Chapter II: Elaboration and characterization techniques 
 

[63]  
 

 

DC magnetron sputtering which has a deposition rate of (~10-20 nm/min), and the high 

pressure required reduces the film quality [55]. 

 In R.F sputtering process, it is possible to deposit different types of films such as 

ceramics, insulators e.g. silica as well as the metallic materials [56]. The idea is to 

alternate the plasma excitation voltage; during the negative alternation, the Ar+ ions 

attracted to pulverize the target and during the positive alternation, the electrons 

precipitating on the target neutralize and restore the balance leading to enhancing the 

deposition efficiency compared with the D.C process. 

II. 2.2. Magnetron sputtering mechanism 

The conventional sputtering technique has some limitations, such as low ionization 

efficiency and low deposition rate. Emitted secondary electrons during the sputtering process 

can recombine with ions, and some of them are drained from the plasma through the chamber 

walls. Also to maintain a constant plasma density, the cathode must be fed continuously with 

high voltage under high sputtering gas pressure. The magnetron sputtering process presents a 

solution to overcome this problem by placing a set of well-designed permanent magnets below 

the target; the plasma is confined to the near-target region. According to the Lorentz force 

formula (Eq. II. 5), the magnetic fields confine the secondary electrons in the spiral trajectories 

in the vicinity of the target surface (Fig. II.7) [57]. Confining the electrons not only leads to a 

higher density of plasma and increased deposition rate, but also prevents damage which would 

be caused by direct impact of these electrons with the substrate or growing film. 

F⃗  = q[E⃗⃗ + (V⃗⃗ ⊥× B)⃗⃗⃗⃗ ]  (II. 5) 

Where q (C) is the charge of the particle, E⃗⃗  (V/m) is the electric field, V⃗⃗  ⃗⊥ (m/s) is the 

velocity of the charged particle perpendicular to the magnetic field B ⃗⃗  ⃗ (T), F⃗  (N) is the force 

experienced by the particle. 
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Fig. II.7. Schematic illustration of the magnetron sputtering with a balanced field [58]. 

II. 2.3 Unbalanced magnetron sputtering 

In the conventional or balanced magnetron sputtering, the emitted electrons cannot escape 

easily from the magnetic trap, and the plasma will be confined close to the target (Fig. II. 7) 

[59]. In this case, the energy of the ejected target particles is low with a weak bonding strength. 

In the case of low-energy deposition, atoms have a low mobility on the surface of the substrate 

and easily generate film with a porous and rough columnar structure. On the other hand, if the 

center magnets are week, all the magnetic field lines will not be caught up and the shape of the 

resultant magnetic field will change allowing some electrons from plasma to escape easily 

towards the substrate [59]. This condition of magnetron arrangement is called unbalanced 

magnetron as shown in Fig. II.8.  

 

 

 

 

 

 

 

 

 

Fig. II. 8. Schema of magnetic field lines in an unbalanced magnetron sputtering. 
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II. 2.4 Reactive magnetron sputtering 

Reactive sputtering is a sputtering process which allows compounds to be deposited by 

adding a reactive gas (e.g. O2 and N2). During the reactive sputtering process, the reactive gas 

is activated by the plasma and chemically reacts with the target materials. While the formation 

and accumulation of compound molecules at target surface is referred as the target poisoning 

[60], without sufficient incorporation of reactive gas atoms, non-stoichiometric films will be 

produced. These regimes are known as a metallic mode. The increasing of reactive gas content 

in the sputtering atmosphere leads to the growth of stoichiometric films. In this process, a wide 

range of compounds (oxides, nitrides, carbides …) thin films can be produced [60-61]. 

II. 2.5 Pulsed magnetron sputtering 

Oxide coatings can be produced by the reactive magnetron sputtering of a metallic target 

in a controlled oxygen atmosphere. It can also be deposited by the RF sputtering of an oxide 

target usually with ~ 13.56MHz frequency [62]. However, both of these processes are 

problematic and have limitations. RF sputtering can produce high-quality films but deposition 

rates are very low. Other problem can be also associated with the reactive magnetron sputtering 

where the target poisoning leads to the formation of arcs causing defects in the growing film. 

These later affect its performance and can also lead to damage the magnetron power supplier 

[63-64]. 

Many of these issues have been solved by the development of the pulsed magnetron 

sputtering process (PMS). In fact, during the deposition of insulating films, the pulsed 

magnetron discharge in a medium frequency range (10-200 kHz) can largely reduce the creation 

of arcs and, as a result, reduce the number of defects in the deposited film [62-65]. In addition, 

the deposition rate in pulse mode is good which is close to those obtained for the deposition of 

pure metal films [66]. 

In our work, a magnetron sputtering deposition machine (DEPHIS, France) was used 

(Fig.II.9). The choice of this technique for the growth of our different coatings has been made 

due to its many advantages over other vacuum coating techniques such as high deposition rate, 

sputtering ease, high purity, good density, good film uniformity, etc. 

https://www.sciencedirect.com/science/article/pii/S0042207X9900189X#BIB9
https://www.sciencedirect.com/science/article/pii/S0042207X9900189X#BIB53
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Fig. II.9. The magnetron sputtering deposition machine (DEPHIS, France). 

II. Characterization techniques 

 

II. 3 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a nondestructive technique for materials characterization. It 

can be used for any solid sample without any special preparation. It provides information on 

structures, phases, preferred crystal orientations (texture), and other structural parameters, such 

as grain size, crystallinity, and strain. The X-rays are generated by a cathode ray tube, filtered 

to produce a monochromatic radiation, collimated to be concentrated, and directed toward the 

sample (Fig.II.10) [67]. The interaction of the incident X-rays with the sample produces 

constructive interference which can be determined by Bragg’s law (Eq. II.6): 

nλ =  2dhklsin θ            (II. 6) 

Where λ (Å) is the wavelength of X-rays, dhkl (Å) is the distance between crystalline planes 

(hkl), θ (°)is the scattering angle and n is the order of reflection. 
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Fig. II.10. A schematic representation of the principle of X-ray diffraction [67]. 

 In our work, the X-ray diffraction analyses were carried out using a Bruker D8 Advance 

diffractometer, (Karlsuhe, Germany) operated at 40 kV/40 mA, using a Cu–Kα radiation 

tube,with a scan step of 0.02°s-1, 2θ was varied in the 30°-100° range for SS316L, in the 30°-

80° range for TiAlMoN and in the 20°-80° range for TiMoONAg coatings. All the XRD 

patterns were equated with the standards gathered by the Joint Committee on Powder 

Diffraction and Standards (JCPDS, card No. 00-038-1420 for TiN, No. 01-084-8748 for Mo2N, 

No. 01-087-0633 for TiON and No. 04–0783 for Ag). 

 The average crystallite size was determined by using Scherrer equation (Eq. II. 7): 

D = 
0.9λ

βcosθ
                  (II. 7) 

Where λ is the X-ray wavelength (λCu = 0.154 Å), β is the full width at half maximum 

intensity (FWHM) and θ is the angle of Bragg.  

The lattice parameter was calculated for fcc-crystal structure using the following 

equation:  

𝑎2 = (
λ2

4sin2 θ
) (h2 + k2 + l2)          (II. 8) 

The lattice distortion (ɛ) was calculated using the following equation:  

𝜀 =(1 −
a

a0
)          (II. 9) 

 

        

Fig. II.10. A schematic drawing the principle of Xray-diffraction. 
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 Where, (a) is the lattice constant produced in different conditions, and(a0) is the lattice 

parameter of bulk structure. 

The coefficient of texture (TC)of coating was calculated as follows: 

TC(hkl) = 
I (hkl)

I0 (hkl)
{
1

n
∑

I (hkl)

I0 (hkl)
}
−1

       (II. 10) 

Where I(hkl) is the measured peak intensity and I0(hkl) is the integrated intensity of the 

corresponding diffraction peak (in our study, TiN (200) and TiN (111)).  

II. 4X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is a quantitative technique for measuring the elemental composition 

of the surface of a material, and it also determines the binding states of the elements.  XPS 

spectra are obtained by irradiating a solid surface with a beam of X-rays and measuring the 

kinetic energy Ek(Eq. II. 11) of electrons that are emitted from the top 1-10 nm of the material 

[68]. A photoelectron spectrum is recorded by counting ejected electrons over a range of kinetic 

energies. The energies and intensities of the photoelectron peaks enable identification and 

quantification of all surface elements.  

Ek = hʋ - EB – Ф (II. 11) 

Where h𝑣 is the X-ray photon energy, EB is the electron binding energy, and Ф the work 

function that is the energy needed for the electron to free itself from the surface. 

 

Fig. II.11.A schematic drawing of the principle of X-ray photoelectron spectroscopy (XPS) [69]. 
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An ES300 KRATOS spectrometer (Kratos Analytical, Manchester, UK, AlKα, 1486.6 eV, 

300 W, 5 × 10−9 mbar) was used for the XPS tests to determine the binding energy of our 

TiON(Mo, Ag) thin films.Prior to the XPS analysis, the ion bombardment (Ar+) with 3 keV of 

primary energy was sputtered on the sample for 5 min at 1 keV and 20 mA was applied for 30 

min to remove the topmost contaminated layers and to increase the reliability of chemical 

analysis. The electron analyzer was calibrated against Au4f7/2 (84 eV) and Cu2p2/3 (932.7 eV) 

photoelectron line positions obtained from cleaned metallic surfaces of gold and copper, 

respectively. Non-monochromatic Mg Kα radiation was used for analysis without calibration 

because of the conductivity of the samples. The corresponding Ti2p, Mo3d, Ag3d, N1s and O1s 

spectra were fitted using a multi-peak fitting method using XPS-Calc software (Boreskov 

Institute of catalysis, Novosibirsk, Russia). 

II. 5 Raman spectroscopy 

Raman spectroscopy is an important technique to identify several materials which can be 

solids, liquids or gases. It is simple and non-destructive technique and no sample preparation 

needs. Raman technique is based on exciting a sample using a high-intensity laser beam, with 

the resulting scattered light being passed through a spectrometer (Fig. II.12). This technique 

works on inelastic scattering of the monochromatic light of frequency ʋ0. A part of the light is 

absorbed and a part is diffused either with the same frequency (it is the elastic or Rayleigh 

diffusion) or with a different frequency νshifted up or down in respect to the primary 

monochromatic frequency which is  termed as Raman effect. Stokes scattering is observed in 

the lower wave number (longer wavelength) region and anti-Stokes scattering in the higher 

wave number (shorter wavelength) region. These shifts give valuable information on the 

vibrational, rotational and low frequency transitions of the sample molecules [70-71].  

Raman spectroscopy (Bruker Senterra spectrometer) was used for identification of the 

TiAlMoN film phases with exciting laser radiation wavelength of 600 nm.  
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Fig. II.12. Schematic representation of a basic Raman spectroscopy instrument [72]. 

II. 6 Ultraviolet-Visible Spectroscopy (UV-VIS) 

UV-Vis spectroscopy is an analytical technique that measures the amount of discrete 

wavelengths of UV or visible light that are absorbed or transmitted through a sample in 

comparison to a reference or blank sample (Fig. II.13). It ranges from the light level ultraviolet 

region i.e. 180 nm to the visible region i.e. 780 nm. UV spectrum extends from 180 nm to 400 

nm whereas the visible region ranges from 400 nm to 780 nm. It is used to observe the optical 

behavior of chemical compounds, identification of various species, and quantification of 

specific analyses [73]. Using the Beer Lambert law, the absorption of spectra generated from 

these samples at given wavelengths can be related directly to the concentration of the sample. 

Fig. II.13. Schematic representation of the dual-beam UV-VIS spectrometer [74]. 
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The absorption of the optimized TiOMoN(7.4 at. % Ag) coating was performed using an 

UV-VIS spectroscopy to examine the impact of Ag doping into TiOMoN on the light 

absorbance capacity of the photocatalyst samples. The absorption spectra were obtained along 

the 250-800 nm wavelengths to determine their band gap values using Tauc equation (Eq. II. 

12): 

(αhv)n=K(hv-Eg)         (II. 12) 

Where K, α, and hv present the constant value, absorbance coefficient, and photon energy, 

respectively, n is the transition category (n = 0.5 for indirect and n = 2 for direct transition). The 

intercept from the extrapolation of the linear portion of the (αhv)1/2 versus hv gives the bandgap 

(Eg). 

II. 7. Scanning electron microscopy (SEM) 

Fig II. 14 presents a schematic representation of a scanning electron microscope. 

Accelerated electrons generated normally from a tungsten filament in an SEM carry significant 

amounts of kinetic energy, and this energy is dissipated as a variety of signals produced bby 

electron when the incident electrons are decelerated in the solid sample. These signals include 

secondary electrons (SE which are most valuable for showing morphology and topography of 

samples), backscattered electrons (BSE for illustrating contrasts in composition in multiphase), 

diffracted backscattered electrons (EBSD that are used to determine crystal structures and 

orientations of minerals), and photons (characteristic X-rays that are used for elemental analysis 

and continuum X-rays are carried out with the EDS or WDS [75]).  

When a cathode emits electrons under a very high electric field, it is also known as a field 

emitter-FE-SEM, less electrostatically distorted images with best spatial resolution will be 

obtained [76]. 

https://serc.carleton.edu/research_education/geochemsheets/bse.html
https://serc.carleton.edu/research_education/geochemsheets/ebsd.html
https://serc.carleton.edu/research_education/geochemsheets/xrays.html
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Fig. II.14. Schematic representation of a Scanning Electron Microscope (SEM) [77]. 

 

In our work, the surface and cross-section morphology of the coatings were examined 

using a field emission scanning electron microscope (FE-SEM, Hitachi S3500 N, USA). 

Chemical compositions of thin films were analyzed with energy (EDS) and wavelength 

dispersive X-ray spectroscopy (WDS) techniques (Oxford INCA x-act, 15 kV, USA). 

 

II. 8 Transmission electron microscopy (TEM) 

The transmission electron microscopy (TEM) is a good microscopy technique used for 

material observations in which a beam of electrons is transmitted through a sample (Fig II.15). 

It is a quantitative method to determine the particle size, shape and distribution. The interactions 

between electrons and atoms allow the observation of important features such as the crystal 

structure, dislocations and grain boundaries. Chemical analysis can also be performed. The 

TEM can be used to study the growth of layers, their composition and defects. It has a higher 

resolution than an SEM. The main TEM advantages are better spatial resolution with the 

additional capability of analytical measurements [78]. 
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This technique has few limitations concerning the high vacuumrequirement and the 

sample preparation which is extremely important for getting high-quality images. The samples 

observed using an TEM should be thin and less than 200 nm thick [79]. 

 

 

 

 

 

 

 

 

Fig. II.15. Basic components of a transmission electron microscope (TEM) [80]. 

Transmission electron microscopy (TEM) images of thin films were obtained using a 

JEM-2100 transmission electron microscope (JEOL, Tokyo, Japan) at an accelerated voltage of 

200 Kv to analyze the TiAlN(16.09 at.% Mo) and TiMoON(7.4 at. % Ag) films. 

II. 9 Optical microscopy (OM) 

The optical microscope uses a visible light and a system of lenses to magnify images of small 

samples. Fig. II.16 presents the basic components of an optical microscope. If the sample is 

transparent or at least exhibits a high light transmission; the light is then projected through the 

sample and collected by the objective lens onto the eyepiece. However, if the sample is 

translucent or opaque, the light is reflected off the surface to the viewing eyepiece. Therefore, 

the optical microscope is useful for observing morphology, crystallization, multiphase 

structures, and fracture surfaces [82].  
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Fig. II.16. Basic components of an optical microscope (OM) [83]. 

 In our work, after corrosion tests of TiAlMoN coatings, the surface morphology was 

examined by using an optical microscope (KEYENCE digital microscope system). 

II. 10 Stereomicroscopy 

 Stereo microscope or Dissecting microscope is a variant of optical microscope that 

typically uses the light reflected from the surface for examination in 3-Dimension. The 

instrument uses two separate optical paths with two objectives and eyepieces to provide slightly 

different viewing angles to the left and right eyes [84] (Fig. II.17). It also consists of a digital 

camera that is used for viewing the images of the samples in the computer for a close 

observation. The produced image is little larger than normal and is recorded. The dissecting 

microscope has two magnifications known as fixed magnification and Zoom magnification. 

Fixed mode is used in eyepiece to provide a degree of magnification while Zoom mode offers 

different magnifications at different ranges. 

Dissecting microscope is used widely in various fields and has a lot of applications. It is a good 

technique that provides accurate information concerning the morphology of paint traces, surface 

characteristics, number of layers, colors …etc [85]. 
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We used a stereomicroscope (Leica MZ16 FA, Leica Microsystems GmbH Wetzlar, Germany) 

to monitor the sample fluorescence and images were processed using an LAS V.1.7.0 software 

on the coatings tested for bacterial inactivation. 

 

 

 

 

 

 

 

Fig. II.17. Basic components of a stereomicroscope [86]. 

II. 11 Atomic force microscopy (AFM) 

 Atomic force microscopy (AFM) can be used for any type of surface, including polymers, 

ceramics, composites, glass, and biological samples. AFM is used to measure and localize many 

forces, including adhesion strength, magnetic forces, and mechanical properties. AFM force 

measurements are performed using a sharp tip of about 10-20 nm diameter attached to a 

cantilever. AFM tips and cantilevers are micro fabricated from Si or Si3N4. The tip moves in 

response to tip–surface interactions, and this movement is measured by focusing a laser beam 

on the tip with a photodiode [87] (Fig. II.18). 

 The AFM is operated in two basic modes: contact and tapping. In the contact mode, the 

AFM tip is continuously in contact with the surface, while in the tapping mode, the AFM 

cantilever is vibrated above the sample surface so that the tip is in contact with the surface only 

intermittently. The AFM maps/images are suitable for further investigation of the surface such 

as measurement of surface roughness, analysis of particle and grain size. The AFM can also be 

used to measure magnetic and electrical properties of the material [88]. In comparison to the 

electron microscope, which provides a two-dimensional projection or a two-dimensional image 

 

https://www.sciencedirect.com/topics/materials-science/adhesion-strength
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of a sample, the AFM provides a true three-dimensional surface profile. Additionally, samples 

used for AFM experiments do not require any special treatment [89]. 

 

Fig. II.18. Schematic representation of an atomic force microscope (AFM) [90]. 

In our study, the surface roughness was analyzed by an atomic force microscope (AFM-

Veeco Bioscope II) and determined from three different locations using a NanoScope Analysis 

software. The scanned images were (2×2 µm2), and line profiles werecentrally measured along 

2 µm. 

II. 12 Optical profilometry 

Optical profilometry is a non-destructive and non-contact surface analysis technique. The 

optical profilometer is a type of microscope in which the light source is used to measure 

the surface profile, in order to quantify its roughness (Fig. II. 19). Critical features such as step, 

curvature, and flatness are computed from the surface topography. The light from the profiler 

lamp splits into two paths by a beam splitter where one path is directed towards the sample 

surface and the other path is directed towards the reference mirror. The reflections from these 

two paths are recombined and projected onto an array detector. The difference in the path of 

recombined beams is in the order of few wavelengths which lead to less interference [91]. 

https://en.wikipedia.org/wiki/Surface_finish
https://en.wikipedia.org/wiki/Quantification_(science)
https://en.wikipedia.org/wiki/Surface_roughness
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Fig. II.19. The working principle of an optical profilometer [92]. 

During the thin film deposition, the deposited layers are subjected to residual tensile or 

compressive stresses. The Optical profilometry is also a method that can be used to determine 

the residual stresses using Stoney's formula (Eq. II.13):  

σ =
ES

6(1−υs)
𝗑

es
2

ef
(

1

R
 −

1

R0
)          (II. 13) 

Where Es and νs are the Young's modulus (181 GPa) and Poisson's ratio (0.28) of iron 

substrate used in our work. es and ef are the thicknesses of the iron substrate and deposited film 

(m), while R0 and R are the curvature radius before and after film deposition (m), respectively. 

In our study, we used an optical profilometer (Altisurf 500VEECO) to determine the 

surface roughness and profile depth of SS316Lcold-sprayed substrates with a scanning range 

of (2×2)mm2. The film thickness, wear volume loss, the depth and width of corrosion pits of 

coatings were measured using this optical profilometer. The residual stresses were calculated 

using the curvature method (Stoney's formula, Eq. II. 13) using an iron sample (50×4×0.2)mm3 

where its curvature radius was measured before and after film deposition. 

II. 13 Nanoindentation technique  

Nanoindentation technique is used to measure the mechanical properties, elastic modulus 

and hardness of different types of materials at a very small scale. It can provide accurate 

information on the properties of various samples including thin films, polymers, biological 

materials, etc.  
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In nanoindentation, the mechanical properties are characterized by driving an indenter, 

made of a hard material usually diamond, into the material surface under certain pressure. This 

later maintains for a short time before unloading of the sample (Fig. II.20). The system 

measures the load applied to the tip as well as the depth of indentation during the whole process. 

Over time, the force applied to the probe and the indenter penetration distance are both 

measured. In the case of thin films and in order to avoid the substrate stiffness, the indenter 

penetration depth must be limited to < 10% of the film thickness [93, 94]. 

The hardness and Young’s modulus are given by the following formulas:  

H = 
𝑃𝑚𝑎𝑥

𝐴(ℎ𝑐)
       (II. 14) 

E = 
1−ʋ𝑠

2

1

𝐸𝑟
−

1−ʋ𝑖
2

𝐸𝑖

        (II. 15) 

Where Pmax is the maximum load, A(hc) is the projected contact area; νs is the Poisson’s 

ratio of the sample, νi is the Poisson’s ratio of the indenter, Er is the reduced modulus and Ei is 

the Young’s modulus of the indenter. 

 

Fig. II.20.a) Schematic diagram of the nanoindentation instrument, b) Indentation load–displacement 

curve, c) Elasto-plastic deformation at the maximum applied load and after load releasing [92-94]. 

 The hardness and Young’s modulus values of the coatings were measured using 

nanoindentation technique. A TI 980 Triboindenter machine was used with a Berkovich 
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diamond indenter and tests were performed following the method described by Oliver and Pharr 

[98]. Nanoindentation tests were carried out by applying a maximum load of 50 mN. For each 

sample, 20 indents were performed during 36 s of loading.  

In order to avoid the effect of substrate stiffness on the mechanical properties of coatings, 

the maximum indentation depth was limited to not exceed 10 % of the coating thickness and 

the average values were calculated for twenty indentations for each sample. 

II. 14 Wettability 

Wettability is the ability of interaction of liquids with other fluids and/or solid surface. 

Wettability measures the level of wetting when solid and liquid phases interact with each other 

[99]. It has attracted enormous research interests due to its influence in wide range of 

applications such as enhancing heat flux for thermal energy conversion, energy saving through 

self-cleaning, antifogging, atmospheric water collection, oil–water separation and anti-bacterial 

activity [100]. 

The surface wetting behavior can be categorized with the help of contact angle measurement. 

The concept of contact angle was proposed by Thomas-Young [101], which provides 

information about three-phase contact point (Fig. II.21) given by Eq. II. 16: 

cosθY = (γsg − γsl) /γlg          (II. 16) 

where θY (deg)Young’s equilibrium contact angle and γij (mJ/m2) is the surface tension 

at the interface between the two different phases with s, l and g representing solid, liquid and 

gas, respectively. The sessile drop technique utilizes an optical tensiometer and is one option 

for wettability measuring. In this measurement, a drop of liquid is placed onto a surface and the 

contact angle is measured. Lower contact angle (≤ 90°) signifies hydrophilic behavior and 

greater wettability, whereas higher contact angle (≥ 90°) infers hydrophobic behavior and lower 

wettability. 

https://www.nanoscience.com/techniques/tensiometry/#optical
https://www.nanoscience.com/products/optical_tensiometers/
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Fig. II.21.a) Representation of the Contact Angle, and b) optical goniometer (Data Physics Model 

ESr-N). 

There are different factors that affect the contact angle:  surface free energy, roughness, 

chemical composition, porosity, surface tension, surface chemistry, and surface charge. They 

are considered as the governing properties for wettability alteration [100]. Generally, surface 

free energy (SFE) or interfacial free energy or surface energy determines how the solid behaves 

in contact with other materials. It arises from molecular interactions at the liquid-solid interface. 

The most typical unit for SFE is mN/m which can be calculated with different theoretical 

approaches. Owen-Wendt-Rabel-Kaelble (OWRK) methodis the most used for calculating the 

surface free energy from the contact angle with several liquids. It separates the interactions at 

the liquid-solid interface into dispersive and polar by the following formula: 

γT(1 + cosθ) = 2(√γS
DγL

D + √γS
PγL

P)             (II. 17) 

Where: γTis the total surface tension (mN/m), θ is the contact angle (deg), γS
D is the 

dispersive component of surface energy (mJ/m2), γL
D is the dispersive component of surface 

tension (mN/m), γS
P is the polar component of surface energy (mJ/m2), and γL

P is the polar 

component of surface tension (mN/m). 
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The wettability of our films was investigated using a contact angle device with an optical 

goniometer (Data Physics Model ESr-N, Germany). Three liquids: water, thiodiglycol and 

diiodomethane were used to determine the contact angle by dropping 2.0025 µl of liquid on the 

films surfaces with a 1 µl∙s-1rate. Due to its small weight, this is sufficient to ignore the impact 

of the fall effect [102]. Surface energy of TiAlMoN films was estimated using the Owens-

Wendt-Rabel-Kälble (OWRK) method and the dynamic contact angles of TiMoON-Ag films 

were measured using water contact-angle recorded at room temperature for 100 s. 

II. 15 Tribometry 

Friction occurs when two bodies are moved in contact with each other (e.g. Machining). 

Therefore, wear is a consequence of friction defined as the progressive loss of surface material 

as a result of relative motion of two bodies in contact. 

Ball-on-disk tribometer is one of the most widely used machines in the field of tribology (Fig. 

II.22). It is used to perform studies focused on bearings, brake systems, manufacturing industry, 

train wheel systems, etc. It consists of a pin (or ball) which, by means of an arm, applies a 

normal force on a rotating disk (sample). The tribological tests can be performed in dry 

conditions and with lubricants [103]. 

Friction and wear tests were carried out in our study using a continuous stiffness 

measurement (CSM) tribometer. Our coatings were tested against 100C6 steel balls with 6 mm 

diameter. The tests were performed at room temperature and relative humidity of approximately 

25 ± 3% under two loads of 2 N and 5 N during 50 m of sliding distance. The friction coefficient 

curves were automatically recorded by the tribometer software. 

On the other hand, the wear volume loss was measured using a profilometer (Altisurf 500) then 

the wear rates (W in mm3.N-1 m-1) of the coatings were calculated using Eq. II. 18: 

𝑊 =
𝑉

𝐿𝐹
          (II. 18) 

Where V is the wear volume loss in mm3, L is the total sliding distance in m, and F is the 

applied load in N. After the sliding tests, the worn tracks were analyzed by an SEM, EDX and 

Raman spectroscopy.  
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Fig. II.22. (a) Representation of the ball-on-disk tribologicaltest, and (b) a tribometer (CSM, Anton 

Paar). 

II. 16 Electrochemical measurements 

Corrosion is based on the reaction of a metallic material with its environment. The metal 

(M) atoms of a component change from the metallic state into an oxidized state. The driving 

force of this process has the tendency to reduce the free energy of the system [104]. An anode 

(positive electrode) is oxidized and a cathode (negative electrode) is chemically reduced. The 

free electrons are consumed by H2, O2 and H2O (Eqs. II. 19-22). 

M → Mn++ ne-                (II. 19) 

H+ +e-→ H                 (II. 20) 

2 H → H2                   (II. 21) 

2 H2O + O2 + 4e-→ 4OH-     (II. 22) 

Equations (19) and (20) represent a two-step process in which hydrogen gas is formed. 

The reaction presented by the Eq. II.22 depends upon the level of dissolved oxygen in solution. 

When this level varies locally in the corrosion cell, differential-aeration corrosion may result 

[53,104].  
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When a sample is immersed in a corrosive solution in the absence of electrical 

connections, the natural electrode potential (corrosion potential → open circuit potential) can 

then be measured by measuring this potential against a reference electrode. It is possible to 

evaluate corrosion characteristics and corrosion behavior by performing electrochemical tests. 

Electrochemical measurement is an effective analytical technique for corrosion investigation. 

Fig.  II. 23 present the experimental setup used for our electrochemical corrosion tests. 

The sample constitutes the working electrode (WE). To measure the sample potential with 

respect to the electrolyte, a reference electrode (RE) is used (e.g saturated calomel electrode 

SCE). Using an external generator (potentiostat), the current is passed through the metal 

electrode; its surface takes a new potential value and this current can be measured using a 

counter-electrode (CE) (generally platinum) [105]. The obtained current intensity-potential 

curves (I=f(E)) constitute the polarization curves. 

 

Fig. II.23. Experimental setup for electrochemical corrosion tests. 

In our work, the corrosion tests of the cold-sprayed stainless steel 316L substrate and 

coatings were performed in a chlorinated medium NaCl. The polarization curves successively 

exhibited different behaviors. Fig. II.24 presents a typical polarization curve. The critical 

potential at which the current density increases suddenly is termed as pitting potential (Epit). At 

a low potential, a state of passivity is observed with a very low current where pitting can occur 

at a potential <Epit (metastable pits) [106]. At a higher potential, the current suddenly increases 
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and the pitting observed at a potential >Epit is stable which continues to grow in a destructive 

way. 

 

 

 

 

 

 

 

 

Fig. II.24.A typical polarization curve under pitting corrosion test in chloride medium [107]. 

 

The electrochemical properties of ours samples were evaluated using an Origalys 

potentiostat and a Biologic flat corrosion cell. Pitting corrosion tests were performed on a 1 

cm2 exposure surface at room temperature in a 3.5 wt.% NaCl solution (pH∼6.3). 

Three electrodes were used: a saturated calomel electrode SCE (Hg/Hg2Cl2-Sat. KCl) as a 

reference electrode, a platinum mesh (counter electrode) and cold-sprayed SS316 L with or 

without coating (working electrode). In order to ensure system stability, the Open Circuit 

Potential (OCP) was measured for 60 min. Measurement range was fixed from -150 mV/free 

to 1.3 V/ref. The scan rate was fixed to 0.5 mV/sec and the current threshold to 3 mA. The 

extrapolation of the Tafel method was used to determine the main corrosion parameters. 

II. 17 Antibacterial tests 

The antibacterial behavior of the developed TiMoON and TiMoON-Ag thin films, as-

deposited and annealed under vacuum at 400 °C against Escherichia coli bacteria (E. coliK12) 

was investigated by determining their inactivation kinetics, stability, efficiency and adhesive 

properties using the Deutsche Sammlung von Mikroorganismen und Zellkulturen (GmbH 

(DSMZ), Braunschweig, Germany). Tests were performed under solar simulated light (CPS 

Suntest System, Atlas GmbH, Hanau, Germany) with an emission between 320 and 800 nm 

with light dose of 50 mW/cm2. Each sample was placed into a glass Petri dish then inoculated 

with bacteria. The 100 µL culture aliquots with an initial concentration of 4.3×106 colony-

forming unit per milliliter (CFU mL-1) in NaCl/KCl were placed on coated and uncoated 

(control) samples.  

 

  

 

Passive zone 
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After preselected times, the samples were transferred into a sterile tube containing 900 

µL autoclaved NaCl/KCl saline solution. This solution was subsequently mixed thoroughly 

using a Vortex for 2 min. Serial dilutions were made in NaCl/KCl solution. A 100 µL sample 

of each dilution was pipetted onto a nutrient agar plate and then spread over the surface of the 

plate using the standard plate method. Agar plates were incubated lid down to prevent 

evaporation for a period of 24 h before the colonies counting. Experiments were carried in 

triplicates and statistical analysis show standard deviation error bars (± SD, n = 5 %). Solutions 

and samples were autoclaved before use at 121 °C. The genetically modified E. coli mutant 

strains deficient in OmpF and OmpC porins was also used. This approach allowed comparing 

the bacterial inactivation kinetics induced by: (i) the ions able to penetrate inside the cell, or (ii) 

by contact of the bacteria with the coated/sputtered surface.  

Stereomicroscopy imaging was carried out on samples inoculated with 108 CFU of E. coli 

and incubated for 2 hours in a humidification chamber. This method uses a fluorochrome based 

staining procedure from Film tracer™ LIVE⁄DEAD® Biofilm Viability Kit (Molecular Probes, 

Invitrogen). The kit contains a combination of the SYTO9® green fluorescent nucleic acid stain 

and propidium iodide (PI) fluorochromes for the staining of live and dead cells, respectively. 

The sample fluorescence was monitored in a stereomicroscope (Leica MZ16 FA, Leica 

Microsystems GmbH Wetzlar, Germany) and the images were processed using the LAS v.1.7.0 

provided for with a 1240 software from Leica Microsystems CMS GmbH. Adhesion of bacteria 

on the samples was allowed for 5 min before washing the sample with sterile Milli-Q water to 

remove the non-adhered bacteria. Finally, the scavenging experiments by dimethyl-sulfoxide 

(DMSO, 2 mM), superoxide dismutase (SOD, 2 mM) and Ethylene tetra-acetic acid di-sodium 

salt (EDTA-2Na, 2 mM) were carried out to detect/identify the •OH, O2
− and vb(h+) generated 

in solution during the bacterial inactivation process.  
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Conclusion 

In this chapter, we presented the two deposition techniques and the experimental 

parameters used in our work; the cold spray for elaborating the 316L stainless steel and the 

magnetron sputtering used for elaborating different thin films (TiN,TiAlN,TiAlMoN, TiMoON 

and TiMoON-Ag).The various experimental techniques for structural, morphological, 

mechanical, tribological, antibacterial and anticorrosion characterizations were also presented 

in this chapter. Table II. 1 summarizes the elaboration and characterization techniques used in 

our study. 

Table II.1. Summary of the elaboration and characterization techniques used in our work. 

Testing / Properties  Techniques/ machines 

Elaboration of substrates Cold spray technique 

Elaboration of coatings  Reactive magnetron sputtering system  

Structural analysis  XRD  

Morphology observation  SEM, TEM, OM 

Chemical Composition  EDS , XPS, RAMAN  

Surface topography  AFM  

Wetting and surface energy  Contact angle measurements  

Residual stress and film thickness Profilometer 

Hardness and Young’s modulus  Nanoindentation 

Friction coefficient and Wear resistance  Ball on disk tribometer (CSM, HT) 

Corrosion resistance  

Antibacterial test 

Electrochemical polarization measurements 

(Potentiostat and corrosion cell) 

Stereomicroscopy 
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Introduction 

This chapter is dedicated firstly to identify the optimal parameters of cold spray process 

in order to elaborate a good 316L stainless steel coating. The effect of both helium and nitrogen 

gases used was investigated. The temperature, powder particles sizes, and distance from the 

nozzle throat to the impinging point were estimated by using the Kinetics Spray Solutions 

GmbH software.  

After that, we deposited the 316L stainless steel coating using N2 and He gases. The 316L 

stainless steel (SS) coatings were examined by X-ray diffraction, Scanning Electron 

Microscopy and Energy Dispersive X-Ray Microanalysis. The tribological behavior was 

evaluated under different loads (2 N and 5 N) in dry conditions. We also investigated the 

electrochemical corrosion performance in a 3.5 wt.% NaCl solution.  

The results presented in this chapter were published as a research paper entitled “Effect 

of He and N2 gas on the mechanical and tribological assessment of SS316L coating deposited 

by cold spraying process” in the Journal of Materials Science, 57(8) (2022), 5258-

5274.https://doi.org/10.1007/s10853-022-06950-1. 

III. 1 Numerical simulation and deposition conditions 

 As a first approach in this part of study, one-dimensional model was performed for such a 

set of given gas velocities and temperatures, particle size and the distance between nozzle 

and substrate by using the Kinetics Spray Solutions GmbH software. 

 316L stainless steel coatings were deposited on aluminum substrates using cold spray 

technique (CS). A commercially powder of 316L H.C. Starck 0717-074 was used. 316L 

stainless steel coatings were obtained by spraying of spherical particles (Ø 15-35 µm 

diameter) in a helium and nitrogen atmosphere. Fig. III.1 shows a scanning electron 

microscope (SEM) image of these particles. Table. III.1 summarizes the chemical 

composition of these powders. The helium and nitrogen pressures were 21.8 and 30 bar 

corresponding to gas flow rates of 2200 and 100 m/s, respectively. These both conventional 

configurations were fixed by the industrial experience that led to get a dense structure. Prior 

to coating deposition, the surface of the aluminum substrate was grit blasted with alumina 

using compressed air, cleaned by acetone and ethanol (5 min for each one) and dried in air. 
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 Fig. III. 1. Spraying powder free surface observed by a scanning electron microscopy. 

Table III. 1. Chemical composition of 316L powders. 

Elements wt.% Cr Ni Mo C Mn N O P S Si Fe 

Min 16.5 10.0 2.0        balance 

Max 18.5 14.0 3.0 0.03 2.0 0.03 0.05 0.045 0.015 1.0  

The details of processing parameters used in this study are shown in Table III. 2. 

Table III. 2. Spray conditions of SS 316L deposition. 

 

 

 

 

 

 

III. 2 Cold spray modeling by KSS software (Kinetics Spray Solutions GmbH) 

The numerical simulation of the cold spray was performed to investigate the usefulness 

of the combination of the following parameters on the spraying speed: temperature, particle size 

of spraying powder and distance from the nozzle throat to the impinging point. The N2 and He 

were used as process gases. The results are summarized as follows: 

 

 N2 He 

Powder mass flow rate (g/min) 40 75 

Scanning speed (mm/s) 300 200 

Standoff distance (mm) 25 25 

Main gas pressure (bar) 30 21.8 

Main gas temperature ° C 650 480 

Injector- throat distance (mm) -50 -18 

scanning step (mm) 2 1 
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III. 2.1 For nitrogen (N2) gas 

The most important parameter in cold spraying is the particle velocity prior to impact. It 

is known that the sprayed particles in CS have to be accelerated to a sufficiently high velocity 

in order to be successfully deposited on the substrate. Generally, there is a critical velocity for 

a successful particle deposition with a given sprayed material. Only the particles moving at a 

velocity higher than the critical one can be deposited to produce a coating [1, 2]. 

Table III.3 and Fig. III.2 present the modeling results obtained with KSS software using 

nitrogen. Three particle sizes were considered: 15, 28 and 35 µm. The velocity decreases with 

the increase of the particle diameter. The finest particles are more heated at the throat, but they 

are cooled faster in the diverging part of the nozzle [3] (Fig. III.3). The η factor is the ratio 

between the particle velocity and the critical velocity depending on the temperature and 

diameter of the stainless steel particles. This factor is a little more important for the biggest 

particles due to its highest temperature. 

Table III.3. Spray modeling results using N2.  

Average particle size (µm) 15 28 35 

V (m/s) 661 598 569 

T °C 253 366 375 

η 1.03 1.04 1.06 

 

Fig. III. 2. Spraying speed of SS 316L powder as a function of temperature using N2. 
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The temperature and velocity of particles are given along the entire length of the nozzle 

until the standoff distance (25 mm) (Fig. III. 3). The maximum temperature is reached at the 

throat and the maximum velocity at the impinging point [4], with a 650 °C nitrogen temperature. 

 

Fig. III. 3. Numerical modeling of SS 316L powder spraying using N2 gas: temperature (a) and 

velocity (b) as a function of distance (0 mm at the nozzle throat).  
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Fig. 3. Numerical modeling of SS 316L powder spraying using N2 gas: temperature (a) and velocity 

(b) as a function of distance (0 mm at the nozzle throat).  
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III. 2.2 For helium (He) gas 

Table III.4 and Fig. III. 4 present the modeling results obtained with KSS software using 

Helium. The velocity decreases with the increase of particle diameter from 15 to 35 µm. 

Katanoda et al. [4] found that the particle velocity before the normal shock increases with 

decreasing the particle diameter using N2 or He as a process gas. The powder particle size has 

also been confirmed to be an important factor influencing the particle acceleration [5-7]. Li et 

al. [2] confirmed that the particle size significantly influences the particle velocity. With the 

decrease in particle diameter, the particle velocity increases rapidly, especially when the particle 

diameter is less than ∼20 µm and it was more important using He as a propellant gas. This can 

be simply explained using Alkhimov equations given below [8-9]. 

Vp = Vg / (1 + 0.85 Vg (D ρp/ X Po)
1/2)      (III. 1) 

Vg = M√γRTg     (III. 2) 

Where Vp and Vg represent the particle and gas velocities, respectively, D is the particle 

diameter, ρpis the particle density, X is the length of diverging section, P0 is the stagnation inlet 

pressure, γ is the specific heat ratio for N2 and He, 1.4 and 1.667 respectively, M is the exit 

Mach number, R is the specific gas constant for N2 and He, (0.2968 and 2.0769)kJ/kg. K 

respectively, Tg is the exit gas temperature. 

According to Eq. III. 2, the gas velocity of helium will be much higher than that of nitrogen 

under the same conditions. Therefore, in Eq. III. 1 the particles will be accelerated to a higher 

velocity when using He. On the other hand, the gas velocity will be increased as well as the 

particle velocity with the increase in gas temperature [2]. The comparison between the particle 

temperatures and velocities using nitrogen and helium shows that the η factor is more important 

with helium. However, the particle temperature is lower in the case of the He gas compared to 

its value with nitrogen. 
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Table III. 4. Spray modeling results using He gas. 

 

 

 

 

Fig. III. 4. Spraying speed of SS 316L powder as a function of temperature using He. 

The velocity of helium gas is 2200 m/s which is more than twice than that of the nitrogen 

gas (1000 m/s) (Figs. III. 3 and 5). From Fig. III. 5, it is obvious that the temperature rapidly 

decreased with helium in the diverging nozzle part compared to the nitrogen gas. The cold work 

hardening is enhanced. Based on the simulation results for the diffrent cold spray parametres, 

we identified the main ideal ones to be used in the expermimental invesitigation. Afterwards 

the morphologies, tribomechanical behaviors and electrochedmical performance of the steel 

coatings elaborated under nitrogen and helium were compared.  
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Fig. III.5. Numerical modeling of SS 316L spraying powder using He gas: temperature (a) and 

velocity (b) as a function of distance (0 mm at the nozzle throat).  

 

 

 

 

 

Fig. 4. Spraying speed of SS 316L powder as a function of temperature using He.  
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Fig. 5. Numerical modeling of SS 316L spraying powder using He gas: temperature (a) and velocity 

(b) as a function of distance (0 mm at the nozzle throat).  
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Fig. 5. Numerical modeling of SS 316L spraying powder using He gas: temperature (a) and velocity 
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III. 3 Structural and morphological characterization 

Fig. III. 6 shows XRD patterns of cold-sprayed stainless steel coatings, using nitrogen 

and helium as propellant gases, deposited on Al substrates. It can be seen that only the austenite 

phase (γ) was detected presenting a fcc structure. 

 

 Fig. III. 6. XRD patterns of 316L coatings cold-sprayed with He and N2 gases. 

The influence of nitrogen and helium propellant gases on the surface topography and 

microstructure of cold-sprayed 316L coatings was investigated by using SEM images (Figs. 

III.7 and 8). 
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Fig. III. 7.  SEM images of SS 316L coatings cold-sprayed with N2 (a, c, e) and He (b, d, f).  

 The chemical compositions of coatings were measured by EDX (Fig. III. 8). Dense and 

thick (2 mm) 316L coatings had a similar chemical composition with small content of oxygen 

(3 and 1.9 at.%) using N2 and He respectively. This indicates that no significant chemical 

interactions and no phase transformation occurred during spraying attributed to the low-

temperature characterizing the CS process [10]. In addition, the evaluation of interface revealed 

that steel particles penetrated into the soft aluminum substrate resulted a strong coating bonding.  

Similar observation was obtained by Sova et al. [11] for the SS316L coating obtained by the 

same process performed on 1.5 mm thick non-sandblasted aluminum sheets with dimensions 

of 50 × 80 mm. However, it can be seen that the 316L coating deposited with He was denser 

with a lower oxygen content and homogeneous smooth surface confirmed by a lower roughness 

(Ra = 14.9μm) as compared to that deposited with N2 (Ra = 15.8 μm) (Fig. III. 8) [12]. On the 

other hand, the porosity measurements confirm that the 316L coating sprayed with He exhibited 

a lower value (0.5 ± 0.01%) as compared to that sprayed with N2 (1.06 ± 0.03 %), which is due 

to the higher particle impact velocity of He associated with a great plastic deformation resulting 
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a denser coating. Similar results were obtained by Mangour et al. [13]. The higher porosity of 

the 316L coating sprayed with N2 is due to the incomplete bonding of particle-particle because 

of the nitrogen which is a reactive gas and has a weak effect to accelerate the deposition of 

316L stainless steel powders and film formation as compared to helium. 

 

Fig. III. 8. Surface topography, SEM and optical microscopy images of cross-sectional SS 316L 

coatings cold-sprayed with N2 (a, c, e) and He (b, d, f). 

For determining the coating microstructure and properties, it is obvious that the particle 

morphology is an important parameter in the CS process that directly affects its velocity [14]. 

Generally, a higher particle velocity leads to obtain a denser coating and strong adhesion 

without porosity [12, 15]. Borchers et al. [16] evaluated the impact of particle velocity and 

temperature on the quality and performance of 316L coatings deposited with the following 

parameters: 850 m/s and -20 °C with helium and 600 m/s and 300 °C with nitrogen.  Codd et 

al. [17] used MOC type 24 nozzle geometry at 550 °C inlet gas temperature, a 28 bar nozzle 

pressure and a 30 μm particle size. They reported that the impact velocity of cold sprayed 

https://www.sciencedirect.com/science/article/pii/S0257897215301146#bb0090
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particles performed with He gas was found 847 m/s higher than that of the particles sprayed 

with N2 (535 m/s) absolutely evident and due to the difference in the molecular weight of 

process gases (4 for He and 28 for N2). Fig. III.7c shows the presence of many inter-splat voids 

(pores) and some cracks in the SS 316L-CS deposited with N2. In contrast, using He gas led to 

obtain a good coating where the shape of SS316L-CS particles was significantly changed from 

spherical to slightly elongate (Fig. III. 7f). This evolution is due to the large plastic deformation 

resulting from the high particle velocity [16]. 

III. 4 Mechanical properties  

Fig. III. 9 shows the evolutions of hardness (H) and elasticity modulus (E) of the SS 316L 

coatings deposited with He and N2 propellant gases.  

 

 

 

 

 

 

Fig. III. 9. Hardness (a, c) and Young’s modulus (b, c) of SS 316L coatings cold-sprayed with He 

and N2. 
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According to Maestracci et al. [18] the coating hardness was measured through its cross-section 

under 50 mN normal load. Fig. III. 9 shows the dependence of the hardness and elastic modulus 

of 316L coatings obtained by nanoindentation. Hardness and elastic modulus of 316L coatings 

follow the same trend, which is consistent with the literature [19-22].  

It is evident that there are significant changes in hardness and Young’s modulus between 

the first 150 nm of indenter penetration (primary loading) and the stable following part of 

curves. Such behavior likely reflects the surface effects, such as surface roughness and surface 

oxides, on the mechanical behavior of materials. This makes it difficult to accurately measure 

and estimate the contact area [23-24]. From Fig. III. 9 (stable part), the average H and E values 

for both steels cold sprayed with helium and nitrogen were (7.5 ± 0.5) and (6.8 ± 0.5) GPa, and 

(164 ± 10) and (152 ± 10) GPa, respectively, which is higher than that of aluminum (2017 A) 

substrate (E = 72.5 GPa, H = 1.12 GPa). It can be clearly seen that the deposition with He led 

to enhance the mechanical properties of SS 316L coatings. In both cases, coating hardness was 

twice the powder one (3 GPa), which is attributed to the finer microstructure obtained during 

the cold spray process with a strong work hardening effect. Due to the work hardening in the 

coating deposited with He, SS 316L had higher hardness and elasticity modulus. This is related 

to the strain hardening effect during the deposition process with a higher particle velocity using 

helium as reported by Mangour et al.[13]. Meanwhile, the decrease in the porosity could be 

associated to the absence of a significant number of defects produced during the film growth 

and to the decrease of the surface roughness [25]. 

III. 5 Tribological properties 

After sample polishing, friction tests were carried out at room temperature in dry 

conditions under 2 and 5 N applied loads. Fig. III. 10 shows the friction coefficients and wear 

rates of different samples. The wear rates of these coatings were calculated and the effect of He 

and N2 propellant gases on the coating tribological behavior was evaluated. We notice that the 

friction coefficient rapidly increased and reached a maximum value (~ 0.83) in the initial sliding 

stage (zone I) then it stabilized after 10 m of sliding distance (zone II) at about (0.65 - 0.70) for 

316L sprayed with He and (0.69 - 0.73) for 316L sprayed with N2 under 2N and 5N normal 

loads, respectively. However, the SS 316L coating presents a relatively high friction coefficient, 

which could be related to the local softening of the sample with a severe abrasion of the ball 

during the friction test [25,26]. 
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Fig. III. 10. Friction coefficients (a) and wear rates of SS 316L coatings and balls (b) tested under 

different normal loads (2 and 5 N). 

The effect of the applied load on the wear rates of the SS 316L coatings and balls is shown 

in Fig. III. 10 b. The wear rates of coatings and balls increased with increasing the applied load 

from 2 to 5 N in both configurations. At a higher applied load (5N), the penetration depth in the 

100C6 ball increased and reached 22.5 and 15 µm for coatings sprayed with nitrogen and 

helium, respectively (Fig. III.11). At the same time, due to the Fe transfer between the contact 

surfaces, a greater degree of surface softening led to the smoothening of the contact surfaces 

and the formation of grooves and severe patches [26]. The increase in wear rate consequently 

led to raise the coating friction coefficient, but it is comparatively lower for the SS 316L coating 

sprayed using helium, for the two loads, due to the improvement of surface hardness [27-29]. 
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Fig. III. 11. 3D images and profiles of the wear tracks shown on the SS 316L cold-sprayed with N2 

and He tested under 2 and 5 N. 

The tribological behavior and elements transferred during the friction tests were also 

investigated by a SEM and EDX. Figs. III. 12 and 13 illustrate the different elements of wear 

tracks produced under 2 and 5 N applied loads. The wear tracks on the SS 316L coatings exhibit 

somehow a mixing of wear debris and plastically deformed with the appearance of many types 

of surface defects like micro pits, delamination, chunks and debris particles because of high 

contact stress formation especially at 5 N. Furthermore, the existence of oxygen resulted in 

increasing surface oxidation rate and formation of iron oxides [30-31]. 

The main reasons for the delamination are the propagation of micro-cracks in the coatings 

during the wear test [32]. It can be seen that there are observable furrows on the worn surface, 

indicating that abrasive wear occurring in the deep groove area [33]. This is more apparent on 

the coating surface tested at 5 N and found to be less smooth as compared to that tested at 2 N 

for the both coatings using helium and nitrogen. Furthermore, the 100C6 ball contact areas were 

increased with increasing the applied loads during the wear test which is caused by increasing 
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the temperature between the counter ball and the SS 316L coatings [34]. These worn zones 

presented higher contact diameters Fig. III. 12 (e, f)and Fig. III. 13 (e, f)). 

 

Fig. III. 12. EDX elemental compositions and SEM images of wear tracks on SS 316L cold-sprayed 

using N2 (a, b, c and d) and worn size on 100C6 ball (e, f) after 50 m sliding distance (friction tests). 

In friction tests conducted in dry conditions, a particular attention should be paid to the 

tribo-chemical reactivity. In order to investigate the delamination causes, EDX elemental 

analysis was performed on the worn surfaces (Figs. III. 12(c, d) and Fig. III. 13(c, d)). The 

results showed the presence of oxygen rich in those areas. This indicates that oxide on the 316L 

stainless steel coating surface is the main cause of delamination and grinding. According to 
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Kato et al. [35], the elemental analysis showed that crack propagation was due to the formation 

of Fe2O3 in the coating which is a brittle phase that accelerates the material wear.  

 

Fig. III. 13. EDX elemental compositions and SEM images of wear tracks on SS 316L cold-sprayed 

using He (a, b, c and d) and worn size on 100C6 ball (e, f) after 50 m sliding distance (friction tests). 

III. 6 Corrosion resistance and electrochemical analysis  

Open circuit potentials (OCP) of 316L stainless steel cold-sprayed with helium and 

nitrogen were registered for 60 min during the immersion of samples in a simulated sea water 

of 3.5 wt. % NaCl. The OCP curves are shown in Fig. III. 14. 
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Fig. III. 14. Open circuit potential (OCP) of SS316L cold sprayed with He and N2. 

As shown in Fig. III. 14, the OCP values increased rapidly in the first 15 min then 

stabilized to a higher value. The Open circuit potential of the SS316L cold sprayed with 

nitrogen was -144 mV which increased to -137 mV for SS cold sprayed with helium.  

The results of corrosion tests are shown in Fig. III. 15. The cold-sprayed 316L/N2 stainless 

steel has the least noble potential (-170 mV) and the highest corrosion current density (1.20 

µA.cm-2). The corrosion potential and current density of SS316L sprayed with He improved to 

reach better values of (-157 mV and 0.74 µA.cm-2, respectively), and better polarization 

resistance from (15.67 to 21.66) KΩ.cm2. The polarization curves indicate that passive 

transition region was observed for the two tested samples, indicating that both SS316L cold 

sprayed samples spontaneously passivated in 3.5 wt.% NaCl solution. In general, a passive film 

on an austenitic stainless steel has been investigated largely and described as a film composed 

of distinct bilayers. The inner layer is enriched in chromium oxide while the outer layer is a 

mixture of iron oxide and a hydroxide film [36-37]. When the applied potential reached Epit 

value, a sharp increase in the current density occurred as shown in Fig. III. 15, indicating the 

initiation and growth of pitting corrosion [38].  

Fig. III. 15 shows that the Epit = 413 mV for SS316L/He corresponding to a largest 

passivation region ∆E (393 mV) compared to (Epit = 146 mV, ∆E = 195 mV) for 

SS316L/N2.This can be explained by the low oxidation, the dense surface with lowest 
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porosity and roughness which con contribute to the optimization of the good corrosion 

resistance [39]. 

 

Fig. III. 15. Polarization curves of SS316L cold sprayed with He and N2(immersion tests in a 3.5 wt 

% NaCl solution for 60 min). 

 

 

 

 

 

 

 

 

 

 

 

-400 -200 0 200 400 600
-10

-8

-6

-4

-2
 316L/N2

 316L/He

Ecorr (mV).SCE

L
o

g
 I

(A
/c

m
2
)



Chapter III: Preparation and characterization of cold sprayed 316L stainless steel 

[113] 
 

Conclusion 

In this chapter, we presented the 316L austenitic stainless steel coatings deposited on 

aluminum substrates by Cold Spray process under He and N2 gases. Cold spray process 

parameters were simulated and many experiments were carried out to evaluate the effect of 

process parameters on the tribo-mechanical behavior and electrochemical corrosion 

performance of the cold-sprayed 316L coating.  

 The One-dimensional model showed that the increase of carrier gas temperature with a 

fine size particle led to a larger particle velocity. 

 The 316L coating cold-sprayed under He with high particle velocity presented a dense 

and smooth coating, leading to enhanced hardness and goodtribological performance.  

 Nanoindentation showed that cold-sprayed 316L coating using He had the highest 

hardness and Young’s modulus of (7.5 ± 0.5) and (164 ± 10) GPa compared to that of N2 

(6.8 ± 0.5) and (152 ± 10) GPa, respectively, and both were higher than aluminum 

substrate (H = 1.12 GPa, E = 72.5 GPa). 

 The increase in wear rate consequently led to rise the coating friction coefficient, but it is 

comparatively lower for the SS 316L coating sprayed using helium, tested under the two 

loads (2 and 5N), due to the improvement of surface hardness 

 The corrosion resistance of 316L stainless steel in sea water was ameliorated by using 

helium as a propellant gas during the cold spray process.   
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Introduction 

In this chapter we developed a hybrid coating of 316L stainless steel/ TiN(Al,Mo)N. The 

hybrid component was manufactured by depositing a thick 316L stainless steel by cold spray 

(CS) using helium as a process gas (Chapter III) followed by quaternary Ti(Al, Mo)N coatings 

deposited by magnetron sputtering (MS) in a gas mixture (Ar and N2).  

The obtained coatings were characterized by X-ray diffraction, Scanning Electron 

Microscopy, Raman, Energy Dispersive X-ray Microanalysis, and nanoindentation. The 

residual stress was determined using Stoney formula and the surface wettability was evaluated 

by the contact angle measurements and surface energy. The tribological behavior was evaluated 

under different loads (2 N and 5 N) in dry conditions. We also investigated the electrochemical 

behavior and anticorrosion performance in a 3.5 wt.% NaCl solution. The obtained results were 

analyzed and discussed. The results presented in this chapter are the subject of a research paper 

entitled “Development of magnetron sputtered TiAlMoN coatings for enhancing the tribo-

mechanical and anticorrosion behavior of cold sprayed stainless steel 316L”. 

IV. 1 Coating deposition 

Quaternary TiAlMoN films were deposited using a magnetron sputtering system 

(Machine PVD DEPHIS 4, Etupes, France) equipped with four cathodes. Three pure targets of 

titanium (99.99 %), aluminum (99.99 %) and molybdenum (99.95 %) were used. Coatings were 

deposited on Si wafers (100) (10 mm × 10 mm × 480 μm) and stainless steel substrates (SS 

316L, Ø 15 mm × 2 mm). The SS316L samples were elaborated by cold spray using helium as 

a process gas (more details are explained in our work [1], Chapter III). These samples were 

polished to achieve an average roughness of about Ra = 0.03 μm. A schematic view of this 

equipment is presented in Fig. IV.1. 

The SS 316L samples were ultrasonically cleaned with acetone and ethanol for 10 min, 

and dried in air. They were placed on the substrate-holder at 10 cm above the targets (Fig. IV.1). 

The vacuum pressure was reduced down to 6×10-4 Pa. Prior to film deposition, the targets and 

substrates were etched by Ar+ ion bombardment for 20 min. The working pressure of 0.4 Pa 

was kept constant during the film deposition. The films were deposited in a mixture of Ar and 

N2 with a N2/Ar ratio of 1/4. Before depositing TiAlMoN film, a Ti underlayer was deposited 

for 10 min (about 50 nm) to improve its adhesion to the substrate. In order to evaluate the 
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influence of chemical composition in particular the Mo content on the film properties, many 

TiAlMoN films were deposited with applying constant currents of 2.5 A and 0.5 A respectively 

to Ti and Al targets and varying the Mo target current from 0.1 to 0.7 A. The deposition times 

of different films were adjusted to obtain films of 2 µm thick. Table. IV.1 presents the deposition 

conditions of TiAlMoN coatings. 

 

Fig. IV.1. A schematic view of the hybrid system of cold-sprayed SS 316L and TiAlMoN magnetron 

sputtered coatings. 

Table IV.1. Deposition conditions of TiAlMoN thin films. 

Substrate (elaborated by cold spray)              SS 316L 

Vacuum pressure 

Working pressure 

N2/Ar ratio  

Sputter current for Ti and Al targets 

Sputter current for Mo target 

Substrate temperature 

Rotation velocity of substrate-holder 

6 × 10-4 Pa 

0.4 Pa 

0.25 

Ti(2.5)A, Al(0.5)A  

0˗0.7 A 

Floating temperature  

10 rpm 

IV. 2 Coating composition and structural analysis 

The elemental composition of coatings (Ti, Mo, Al and N) is summarized in Table. IV.2. 

The N/(Ti+Al+Mo) ratio is close to 1, which was suitable to a stoichiometric of TiN, and TiAlN 

films. Nitrogen percentage in films was in the (46.95-49.28)at. % range and did not significantly 

change. Titanium concentration was balanced with the other elements, especially with Mo. 
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With increasing the current applied to the Mo target from 0 to 0.7 A, the Mo amount in 

TiAlMoN films increased linearly from 0 to 26.14 at. % and Ti and Al contents were decreased, 

respectively, from 48.02 to 22.66 at. % and from 6.40 to 1.33 at. %. 

Table IV. 2. Chemical composition of TiAlMoN thin films. 

 

Fig. IV.2 presents X-ray diffraction patterns of TiAlMoN films and Fig. IV.3 presents the 

texture coefficient, microstrain, lattice constant and crystallite size. TiN coating presented a 

(200) preferential orientation with a lattice parameter aTiN = 4.29 Å. The diffraction peaks of 

the TiAlN coating was identified to fcc-TiN (JCPDS No. 00-038-1420). The AlN phase was 

not observed as reported in a previous work [2]. The formation of a single fcc-TiN phase in 

TiAlN film with TiN (200) preferential orientation and a low value of I(111)/[I(111) + I(200)] of 

about 0.68 indicates that aluminum was fully incorporated into the TiN producing a crystalline 

structure rich in Al solid solution [3]. In addition, TiN (200) was shifted to a higher angle 

compared to the TiN powder diffraction data, revealing a decrease in the lattice constant from 

4.29 to 4.25 Å (relaxing of crystalline structure). Simultaneously, the TiAlN lattice microstrain 

increased from 0.002 to 0.004, as shown in Fig. IV.3a, which can be associated with the tensile 

stress that leads to the formation of more structural defects.  

Coatings 

Chemical composition 

Ti N O Al Mo N/(Ti+Al+Mo) 
Thickness 

 

Ti underlayer ~100      50 nm 

Ti0.48N0.47 48.02 46.95 5.03   0.98  

Ti0.43Al0.06N0.48 42.66 47.94 4.60 6.40  0.98  

Ti0.37Al0.05Mo0.4N0.49 37.28 49.28 3.50 5.41 3.91 0.97  

Ti0.35Al0.04Mo0.11N0.49 34.38 47.81 2.50 4.13 11.18 0.96 ~2 µm 

Ti0.30Al0.03Mo0.16N0.48 30.60 47.85 2.40 3.06 16.09 0.96  

Ti0.22Al0.01Mo0.26N0.48 22.66 47.77 2.10 1.33 26.14 0.95  
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Fig. IV.2. XRD patterns of TiN, TiAlN and TiAlMoN coatings with different Mo contents. 

 



Chapter IV:   Elaboration and characterization of TiAlMoN coatings deposited by magnetron 

sputtering  

  

[122] 
 

 

Fig. IV. 3. a) I(111) /[I(111)+I(200)],  I(200) /[I(111)+I(200)] and lattice microstrain, b) Lattice 

constant and crystallite size of coatings.  

 

For TiAlMoN films, it can be noticed the changes in XRD (200) and (111) peaks 

intensities with the variation of Mo quantity in films. We can also see the evolution of texture 

coefficient: increasing of I(111)/[I(111) +I(200)] and reduction of I(200)/[I(111)+I(200)] (Fig. IV. 3a). For 

the TiAlN-3.91 at.% Mo film, it can be noticed the (220) and (222) peaks position 

corresponding to the TiN (2θ = 61.81°, 2θ = 78.96°) (JCPDS card No. 00-038-1420) and the 

Mo2N phases (2θ = 62.64°, 2θ = 79.08°) (JCPDS card No. 01-084-8748). The overlap of TiN 

and Mo2N peaks suggests the formation of a two-phase mixture of TiN-Mo2N. With increasing 

Mo content, the TiN(111) peak becomes border and shifts to a lower angle.  

In fact, the insertion of Mo atoms results in the expansion of the lattice and the increase 

of microstrain to 0.0093 (for the film containing 16.09 at. % of Mo) (Fig. IV.3a). This is due to 

the Mo atoms having a large atomic radius (1.41 Å) and the formation of Mo2N phase [4-5]. 

The increase of Mo content led to a relative increase in the lattice parameter and introducing 

compressive residual stress in the film, which can impede the dislocations mobility. In Section 

IV.5.1, we will give a detailed analysis on the residual stresses generated in films.  

The variation of crystallite size is shown in Fig. IV.3b. TiN and TiAlN films had a 

crystallite size of about 82 and 58 nm, respectively. For the TiAlMoN coatings, increasing the 

Mo content to 16.09 at. % leds to gradually reduce the crystallite size to 38 nm. 
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Raman spectra of TiN(Al, Mo) films are presented in Fig. IV.4. TiN and TiAlN spectra 

show two large wavelengths at 178 and 534 cm-1 related to the optical and acoustic modes of 

TiN [6-7]. With increasing the Mo content in TiAlN film, the intensity of the peaks is gradually 

increased, and the wavelength divergence is clearly observed between the acoustic and optic 

regions. With a low Mo content, Mo-N vibration mode is very low which is due to the low 

intensity of the scattered Mo-N peaks and the high amounts of Ti and N in films that display a 

resolved signature dominating the spectrum. With increasing Mo content, a slight shift was 

noticed in the position of the TiN modulation wavelength with the increase of Mo-N bonds 

intensities to high intense Mo2N peaks at 798, 871 and 1037 cm-1. This indicates that more Ti 

atoms were replaced by Mo ones favoring the vibration of Mo-N bonds in the TiAlMoN films 

[8-9]. 

 

Fig. IV. 4. Raman spectra of TiN(Al, Mo) coatings. 

 

IV. 3 Coating morphology and surface topography 

Fig. IV.5 presents the SEM images of surfaces and cross-sections of TiN(Al, Mo) films. TiN 

and TiAlN coatings exhibited a columnar structure with some porosity between globular grains, 

which corresponds to the zone II of Anders’s structural zone model (ASZM) (Fig. IV.5 (a and 

b)) [10]. 
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Fig. IV.5. Surface and cross-sectional SEM images of: a) TiN, b) TiAlN, and TiAlMoN coatings 

containing c) 3.91, d) 11.18, e) 16.09 and f) 26.14 at. % of Mo. 

Increasing the Mo content in the coating (11.18 and 16.09 at. % of Mo) led to enhance 

the surface quality. The columnar grains gradually disappeared and the TiAlMoN coatings 

became denser with smooth and homogeneous surface corresponding to the zone T in ASZM 

[10]. This is attributed to the increasing of applied current that enhances the adatom mobility 

and leads to the densification of structure. In addition, the (111) crystal plane strongly plays an 

important role on the densification of film growth. With a high Mo content (26.14 at. %), the 

TiAlMoN coating presented large grains with columnar structure corresponding to the zone I 

in ASZM [10].   

Fig. IV. 6 shows cross-section TEM images of TiAlN(16.09 at. % of Mo) coating. The bright 

field (BF-TEM) (Fig. IV.6a) shows bright and dark fields TEM images of different areas on the 

film surface, while Fig. IV.6b presents a high-resolution TEM image of the film and selected 

area electron diffraction (SAED) pattern. TEM images of the TiAlN(16.09 at.% of Mo) coating 

showed a mixed structure of dense and columnar grains . We noticed two different zones: 

 

 

Fig. IV.5. Surface and cross-s 

N 

N 
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the zone (I) presenting a dense structure with (111) and (200) Bragg reflections of cubic TiN 

phase and the zone (II), rich on Mo, corresponding to Mo2N with a dominant (111) orientation 

growth. These results are in agreement with those obtained by XRD and Raman. 

 

 

 

Fig. IV.6. a) BFTEM image, b) HRTEM and SAED images of TiAlN(16.09 at.% Mo) film. 

Fig. IV.7 shows 2D and 3D AFM images and profiles of TiN, TiAlN and TiAlMoN films. The 

surface roughness (Ra) of TiN and TiAlN coatings was (10.2 ± 0.23)nm and (8.1 ± 0.37) nm, 

respectively. The surface topography of all TiN(Al, Mo) films showed a same variation in 

particles shape as observed in SEM images, which can be explained by the variation of grain 

size [11]. With increasing the Mo content, a significant change in the topography of the 

TiAlMoN films was observed and the Ra roughness gradually reduced to a low value of (3.4 ± 

0.08) nm. This was oserved for the film containing 16.09 at.% of Mo presenting a fine 

microstructure (Fig. IV. 7e).  

 

 

 

 

 

 

 

Fig. IV.6. a) BFTEM image, b) HRTEM and SAED images of TiAlN(16.09 at.% Mo) film. 
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Fig. IV.7. 2D and 3D AFM images and profiles of a) TiN, b) TiAlN, and TiAlMoN coatings 

containing: c) 3.91, d) 11.18, e) 16.09 and f) 26.14 at. % of Mo. 

 

Fig. 8. (2D, 3D) AFM images and line profiles of a) TiN, b) TiAlN, and TiAlMoN thin coatings 

containing: c) 3.91, d) 11.18, e) 16.09 and f) 26.14 at. % of Mo. 
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IV. 4 Coating wettability 

Coating wettability was evaluated by contact angle measurements at room temperature. 

Each film was tested using three liquids (water, thiodiglycol and diiodomethane) and the total 

surface energy values were calculated. Fig. IV.8 presents the values of contact angle and surface 

energy of TiN(Al, Mo) coatings.  

 

Fig. IV.8. Contact angle and total surface energy of TiN(Al, Mo) coatings. 

We can notice that the water contact angles were generally higher than those measured 

with thiodiglycol and diiodomethane. This is due to the higher surface tension and the lower 

viscosity of water compared to thiodiglycol and diiodomethane [12-13]. Tang et al. reported 

similar results [14] where the water contact angle with various paint surfaces was consistently 

higher than that of ethylene glycol and diiodomethane. The average water contact angle values 

were 65.4°, 73.5°, 91.4°, 94.4°, 104.4° and 100.2° for TiN, TiAlN and TiAlMoN coatings 

containing 3.91, 11.18, 16.09, and 26.14 at. % of Mo, respectively. TiAlMoN coating 

containing 16.09 at. % Mo had the highest contact angle corresponding to the lowest wettability 

and the highest hydrophobicity compared to the other coatings as shown in Fig. IV.8. We can 

also notice that the total surface energy decreased with increasing the Mo content. The lowest 

value of 32.22 mN/m was obtained for the film containing 16.09 at.% of Mo. In general, the 

wettability of a surface depends on two main factors, namely the surface energy related to the 
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surface chemical composition, structure and surface roughness, which can make the surface 

more hydrophilic or hydrophobic [15-16]. In our study, the surface roughness had a direct 

impact on the contact angle and surface energy. Other factors affecting the surface energy have 

been mentioned such as the (111) preferred orientation resulting in a lower surface energy than 

that of the (200) orientation which is consistent with previous works [5, 17, 18]. 

IV. 5 Mechanical properties 

IV. 5. 1 Residual stress 

The variation of residual stresses generated in TiN(Al, Mo) films during the magnetron 

sputtering is presented in Fig. IV.9.  

 

Fig. IV.9. Residual stress generated in the TiN(Al, Mo) films during the deposition process. 

The TiN coating had a tensile residual stress of 0.05GPa, which is lower than that reported 

in the literature [73] due to the under stoichiometry of TiN film (N/Ti < 1). TiAlN coating had 

the highest tensile stress of 0.08 GPa due to the small incorporated Al (1.82 Å atomic radius) 

and the preferential (002)-oriented grains that are low compressive than (111) [19]. Mo addition 

led to change the generated stress state from tensile to compressive residual stress. The increase 

of Mo content up to 26.14 at. % led to gradually increase the compressive stress and its 

maximum value was found equal to -0.23 GPa. The variation of residual stress from tensile to 

compressive state is related to the film microstructure and its growth mechanism [20]. The 

evolution of residual stress of TiAlMoN film with increasing Mo content may be attributed to 
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the lattice distortion occurred by the insertion of Mo atoms within the TiAlN, which prevent 

the dislocations movement, resulting in improvement of mechanical properties [21]. In fact, the 

change in preferential orientation and grain refinement play an important role on the residual 

stress value. Carvalho et al. [22] found that the residual stress is directly dependent on the 

lattice defects and the formation of different phases in films.  

IV. 5. 2 Nanoindentation measurements 

Fig. IV. 10 shows typical load-displacement curves obtained from nanoindentation 

measurements. The maximum applied load was approximately 8000 μN, resulted in a maximum 

indentation depth in the 120-170 nm range, which guarantees a minimal substrate influence on 

the coating measured properties. For all films, the continuity in the loading curves was noticed 

suggesting that the material did not fracture or crack under the applied load [23]. TiN film had 

a maximum penetration depth with a large load-unload curve. The incorporation of Al and Mo 

in the TiN exhibited a lower indenter penetration indicating that films became more resilient to 

elastoplastic deformation. TiAlMoN coating containing a high Mo content (16.09 - 26.14 at. 

%) showed a narrower load-displacement curve and lower depth, signifying a high resistance 

to indenter penetration. 

 

 

 

 

 

 

 

Fig. IV.10. Loading-displacement curves of TiN(Al, Mo) coatings. 

Fig. IV.11 presents hardness (H), Young’s modulus (E) and H/E ratio. The mechanical 
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preferential orientation and residual stress. From Fig. IV.11, we can notice that the hardness 

values of TiN and TiAlN coatings were 20.5 and 21.4GPa, respectively. With increasing Mo 

content from 3.91 to 26.14 at. %, a continuous raise in the hardness and Young’s modulus 

values was observed, respectively from (23.4, 278.5) to (29.5, 334.5) GPa. This is due to the 

strengthening effect with the presence of Mo2N phase, grain refinement and high compressive 

stress [24]. In addition, the high hardness of TiAlMoN films is also due to the dense TiN(111) 

plane [25-26].  

H/E and H3/E2 ratio generally related to the plasticity index and plastic deformation 

resistance respectively that gives a good prediction on the tribological behavior of coating [27]. 

The maximum value of H/E and H3/E2 were of 0.092 and 0.237 respectively was obtained for 

the film containing 16.09 at. % of Mo that should present a high wear resistance. 

 

Fig. IV. 11. Hardness, Young’s modulus and H/E ratio of TiN(Al, Mo) coatings. 

IV. 6 Tribological properties 

Fig. IV.12 shows the coefficients of friction (COF) of TiN(Al, Mo) films over the entire 

sliding distance, obtained under 2 and 5 N normal loads. The COF of films started from 

relatively high and instable values at the first contact. This initial stage can be attributed to the 

break-in period associated with the low contact area between the 100Cr6 ball and the film, 

where the wear debris occurs through cracking of rough tips between the two counterparts. 

After a short sliding distance (~ 3 m), the COF decreased to a stable value. The COF of 

 

250

275

300

325

350

E
(G

P
a
)

21

24

27

30

33

H
3
/E

2
(G

P
a
)

TiN

 H     E H/E  H3/E2

TiA
lN

TiA
l(3

.91 at.%
 M

o)N

TiA
l(1

1.18 at.%
 M

o)N

TiA
l(1

6.09 at.%
 M

o)N

TiA
l(2

6.14at.%
 M

o)N

H
/E

0,02

0,04

0,06

0,08

0,10

0,05

0,10

0,15

0,20

0,25

H
(G

P
a
)



Chapter IV:   Elaboration and characterization of TiAlMoN coatings deposited by magnetron 

sputtering  

  

[131] 
 

TiAl(16.09 at. % Mo)N coatings decreased with increasing the applied load from 2 to 5N and 

clearly enhanced by 17 % and 59.5 %, respectively, compared to the SS316L substrates 

deposited by cold spray presented in Chapter III [28]. 

TiN and TiAlN coatings had a high COF because of their low hardness. In addition, the 

intensity of the low packed TiN (200) orientation is higher than that of the TiN (111) orientation 

in TiN and TiAlN films. With increasing Mo content, the COF decreased to 0.3 for the film 

containing 16.09 at. %, then slightly increased as the Mo content further increased up to 26.14 

at.%. This indicates that the tribological performance of TiAlMoN film significantly improved 

with the incorporation of Mo and the formation of strong mixed phases (Fig. IV. 2 and Fig. 

IV.6). Furthermore, the low friction can be due to the dense structure and the formation of a 

higher amount of fine molybdenum oxide particles that serve as a lubricant between the two 

counterparts [25, 29].  

 

Fig. IV.12. Coefficients of friction of TiN(Mo, Al) coatings under: a) 2N and b) 5N normal loads. 

The wear depth and width profiles of TiN(Al, Mo) films tested under 2 and 5N normal 

loads are illustrated in Figs. IV. (13 and 14), respectively. 

At 2N, TiN and TiAlN films had wear depth and width of about (1.7 and 1023) μm and (1.32 

and 890) μm, respectively. The incorporation of Mo into TiAlN reduced the wear depth and 

width to (1.02 and 730) μm in the film containing 3.91 at. % Mo and reached the lowest values 

of (0.570 and 363) μm in the film containing 16.09 at. % Mo. 
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At a higher loading (5 N), TiN and TiAlN films showed wear depth and width of about 

(1.4 and 933) μm and (1.145 and 822) μm, respectively. The addition of Mo to TiAlN reduced 

the wear depth and width to (0.850 and 714) μm in the film containing 3.91 at. % Mo and 

reached the lowest values of (0.384 and 211) μm in the film containing 16.09 at. % Mo, which 

is consistent with the COF tendency. The COF reduction and enhancement in tribological 

characteristics can be attributed to the low roughness, grain refinement and the good adhesion 

between the film and substrate. Yang et al. [20] observed a similar phenomenon when Mo was 

incorporated into TiAlN coatings and attributed it to the dense structure, smooth surface and 

high hardness.  

 

Fig. IV.13. Depth and width of wear tracks on TiN(Mo, Al) coatings tested under 2N normal load. 
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Fig. IV.14.  Depth and width of wear tracks on TiN(Mo, Al) coatings tested under 5N normal load. 

The wear rates of TiN(Al, Mo) coatings and counter 100C6 balls are presented in Fig. 

IV.15. Figures IV. 16 and 17 show the EDS elemental compositions and SEM images of wear 

tracks of TiN(Mo, Al) coatings and balls tested under 2N and 5N normal loads, respectively.  

The worn surfaces of TiN and TiAlN coatings show multiple signs of wear and prominent 

grooves. They are clearly visible with large worn areas on the coatings and 100Cr6 balls (1900 

and 1750 µm diameter, respectively). They were slightly lower under a higher 5N load.  

According to Du et al. [30], the abrasive feature is due to the low hardness, rough surface and 

low film/substrate adhesion. The TiAlMoN film containing 16.09 at.% Mo presented the 

narrowest and the shallowest wear track. Its wear rate was found equal to 1.534×10-6 and 

0.849×10-6 mm3/N under 2 and 5N loads, respectively. The worn zones on the counter balls 

showed the lowest diameters of 760 and 633 μm under 2 and 5N applied loads, respectively. 

This indicates the positive effect of Mo addition to enhance the tribological properties of the 

TiAlN film. Thus, the good wear resistance of TiAlMoN films can be related to its low 

roughness and high H/E ratio as confirmed by Xu et al. [31]. 

The film containing 26.14 at.% Mo showed more wear debris formed on the worn surface 

that are due to the brittle fracture caused by the high stress generated in the film. The EDS 

results indicated the presence of high oxygen in the worn surface due to the oxidation of the 

film surface. We also detected some elements of the counter ball in worn track. Yang et al. [29] 
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confirmed that the dark area represents chemical changes on the film surface and high oxygen 

content indicates oxidation of the films during sliding test. 

 

 

Fig. IV.15. Wear rates of TiAlMoN coatings and steel balls tested under: a) 2N and b) 5N normal 

loads.  
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Fig. IV.16. EDS elemental compositions and SEM images of wear tracks of TiN(Mo, Al) coatings 

tested under 2N normal load (images on the right show the worn zones occurred on steel balls). 
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Fig. IV. 17. EDS elemental compositions and SEM images of wear tracks of TiN(Al, Mo) coatings 

tested under 5N normal load (images on the right show the worn zones occurred on steel balls). 
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The changes in the phases and elemental composition of the wear tracks of TiAlN and 

TiAl (16.09 at. % Mo)N films were investigated by Raman analysis (Fig. IV.18). We can notice 

that wear track of the TiAlN film exhibited a distinct metallic bonding character of TiN (458.7 

cm-1) with small TiO2 amount (532.1 cm-1). Raman spectra of the scanned worn zones of 

TiAl(16.09 at. % Mo)N coating tested under 2N and 5N shows, in addition to TiN and Mo2N, 

a significant MoO3 phase (peaks at 186.1, 640.1 and 789.2 cm-1) able to act as a solid lubricant. 

This pattern also shows peaks corresponding to TiO2 and it is consistent with the oxygen acting 

as a catalyst with the formation of lubricious molybdenum oxides [32].  

Thus, molybdenum addition led to maintain a low friction coefficient during sliding test 

with the formation of MoO3 phase, which is formed easily by the reaction between the 

molybdenum and oxygen/moisture at room temperature [33-34]. Sergevnin et al. [35] explained 

the improvement of wear resistance and the COF reduction of the molybdenum-based nitride 

films by the formation of Mo oxide in the friction zone after local heating, which acts as a good 

solid lubricant. 

 

 

 

 

 

 

Fig. IV.18. Raman analysis of wear tracks of TiAlN and TiAl (16.09 at. % Mo)N coatings tested 

under: a) 2N and b) 5N normal loads. 

IV. 7 Corrosion resistance 

Open circuit potential curves (OCP) of cold sprayed SS316L substrate and TiN(Al, Mo) 
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200 400 600 800 1000 1200

Mo2N

Mo2N
Mo2N TiN

MoO3

MoO3
MoO3 Ti2OTi2O

TiN

TiNTiN

Raman shift(cm
-1

)

In
te

n
si

ty
 (

a
.u

.)

 TiAlN

 TiAl(16.09 at.%)MoN
a) 

200 400 600 800 1000 1200

Raman shift(cm
-1

)

TiN Mo2N

Mo2N

MoO3 Mo2N

Ti2O
TiN MoO3

Ti2O
TiN

200 400 600 800 1000 1200

Mo2N

Mo2N
Mo2N TiN

MoO3

MoO3
MoO3 Ti2OTi2O

TiN

TiNTiN

Raman shift(cm
-1

)

In
te

n
si

ty
 (

a
.u

.)

 TiAlN

 TiAl(16.09 at.%)MoN
a) 

MoO3In
te

n
si

ty
 (

a
.u

.)

b)   TiAlN

  TiAl(16.09 at.%)MoN



Chapter IV:   Elaboration and characterization of TiAlMoN coatings deposited by magnetron 

sputtering  

  

[139] 
 

substrate was -137 mV. The deposition of TiN, TiAlN and TiAlMoN coatings containing 3.19, 

11.18, 16.09 and 26.14 at.% Mo on the substrates increased the OCPs to -88, -68, -54, -29, -7 

and -12 mV, respectively. 

The OCP values rapidly increased in the first 15 min for the SS316L, TiN- and TiAlN-

coated samples. However, the TiAlMoN-coated samples stabilized after 5 min to higher values. 

With increasing the Mo content, the OCP shifted to more positive value and the coated sample 

behavior tended to a noble one. This indicates the formation of a passive layer on the surface 

that enhanced the corrosion resistance. 

 

Fig. IV.19. Open circuit potential (OCP) of the cold sprayed stainless steel and the coated samples.  

The results of corrosion tests are shown in Fig. IV. 20 and the main corrosion parameters 

are listed in Table IV. 3. The cold sprayed SS316L had the worst corrosion resistance with the 

lowest noble potential of -157 mV and the highest corrosion current density (741.31 nA.cm-2). 

With increasing Mo content in TiAlMoN coating, the corrosion potential and current density 

gradually improved to reach better values of -16 mV and 1.41 nA.cm-2 (for the film containing 

16.09 at.% Mo) providing the highest polarization resistance Rp of 78.73×102(KΩ.cm2). The 

same trend was reported by Jia et al. [36] for ZrMoN coatings doped with different Mo contents 

and tested in a 3.5 wt.% NaCl solution. However, a further increase in Mo content (26.14 at.%) 

led to decrease the corrosion potential. 
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The polarization curves indicate that a passive transition region was observed for all tested 

samples, suggesting that both cold sprayed SS316L and coated samples were spontaneously 

passivated in the 3.5% NaCl solution. When the applied potential reached Epit value, a sharp 

increase in the current density occurred as shown in Fig. IV.20, suggesting the growth of pitting 

corrosion [37]. Table IV. 3 shows that the Epit value increased with the increasing of the Mo 

content in the TiAlMoN coating to a maximum value of 1268 mV (for the film containing 16.09 

at.% Mo) corresponding to the largest passivation region ∆E (949 mV). This can be explained 

by the low susceptibility to pitting corrosion by the formation of Mo2N phase which has a better 

self-corrosion potential in sea water (solution with 3.5 wt.% NaCl) than TiN and ZrN [36, 38]. 

On the other hand, the dense structure, the low surface roughness and the low wettability of 

TiAl (16.09 at. % Mo) N film can contribute to the enhancement of its corrosion resistance. 

 

Fig. IV.20. Polarization curves of the cold sprayed stainless steel and the coatings immersed in a 3.5 

wt % NaCl solution. 
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Table IV.3.  Electrochemical parameters of the cold sprayed stainless steel and the coatings immersed 

in a 3.5 wt % NaCl solution. 

 Ecorr(mV) Icorr(nA/cm2) Epit(mV) ∆E(mV) Rp(KΩ.cm2) 

SS316L 

TiN 

TiAlN 

TiAl(3.91 at.%Mo)N 

TiAl(11.18 at.%Mo)N 

TiAl(16.09 at.%Mo)N 

TiAl(26.14 at.%Mo)N 

-157 

-98 

-79 

-63 

-42 

-16 

-34 

741.31 

281.83 

52.48 

11.22 

6.31 

1.41 

3.63 

413 

728 

808 

915 
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850 
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924 

0.25×102 
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Conclusion 

In this chapter, we presented the TiN (Al, Mo) films elaborated by a RF reactive magnetron 

sputtering on stainless steel 316L cold-sprayed substrates. The effect of Mo content on the 

TiAlMoN coatings can be summarized as follows: 

 TiN and TiAlN coatings exhibited a columnar growth and Mo addition to the TiAlN led to 

grain refinement. 

 With increasing Mo content in TiAlN coatings, their Single-TiN phase (cubic structure) was 

transformed to TiN and Mo2N mixed phases. This led to slightly increase the lattice 

parameters with high microstrain.  

 A high Mo content in coating (≥ 16 at.%) led to obtain a dense morphology and smooth 

surface, high compressive stress, high contact angle (> 100°) and low surface energy. 

 The high residual stress acting as obstacles against further dislocations movement in the 

TiAlMoN coatings resulted in a high increase in hardness, Young’s modulus, H/E andH3/E2 

ratio which are the important parameters for the wear resistance improvement. 

 The tribological behavior was significantly improved with the Mo addition. Wear rate of 

the film containing 16.09 at.% of Mo was reduced to 1.534 ×10-6 and 0.849×10-6 mm3/N 

under 2N and 5N loads, respectively. The enhancement of wear resistance is due to the 

smooth surface, high H/E ratio and the formation of TiO2 and MoO3 lubricating phases.  

 The corrosion resistance of the cold-sprayed SS316L was enhanced by the protective 

deposited films. The best anticorrosion behavior was found for the film containing 16.09 

at.% Mo. 

This study confirms the great potential of hybrid process (Cold spray and Magnetron 

sputtering) to enhance the product properties. The stainless steel 316L cold-sprayed and then 

coated with TiAl(16.09 at.% Mo)N film presented the best tribo-mechanical behavior and 

corrosion resistance performance. It could be qualified as a good surface protection coating for 

different industrial applications, particularly recommended to be used for bearing, high-speed 

machining.  
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Introduction 

This chapter presents the development of a TiON-based thin film with more enhanced 

properties such as bacterial inactivation kinetics, stability, efficiency and adhesive properties. 

Innovative TiMoON and TiMoON-Ag films were prepared by RF magnetron sputtering in a 

N2/O2 gas atmosphere and subsequently annealed under vacuum at 400 °C. 

The films were characterized by an atomic force microscopy (AFM), a scanning electron 

microscopy (SEM), a transmission electron microscopy (TEM), an X-ray photoelectron 

spectroscopy (XPS), an X-ray fluorescence (XRF) and contact angle (CA) measurements. The 

bacterial inactivation study was performed under simulated solar light irradiation.  

The results of this chapter are presented and discussed in details. They were published as 

a research paper entitled “Bacterial inactivation on sputtered TiOMoN and TiOMoN-Ag thin 

films under solar simulated light” in the Chemical Engineering Journal, 2023. 

V. 1. Coating deposition and annealing treatment  

TiMoON and TiMoON-Ag films were sputtered on glass (76×26×1 mm3) and Si (100) 

wafers (10 mm×10 mm×480 μm) using magnetron sputtering technique with high purity Ti, 

Mo and Agtargets. The substrates were cleaned in acetone and subsequently ethanol by an 

ultrasonic bath for 10 min, then washed with distilled water and dried in air. The substrates 

were placed on a holder at 10 cm from the targets and sputtered with Ar gas for 15 min at 200 

W to remove impurities and surface oxides. The three targets were sputter cleaned inAr for 15 

min (100 sccm and 0.4 Pa) at powers: Ti (220 W, 1 A), Mo (239 W, 1 A), and Ag (280 W, 1 

A). Once the substrates and targets were cleaned, the TiMoON-Ag coatings were deposited at 

floating temperature employing a total working pressure of 0.4 Pa in an Ar/N2/O2 atmosphere. 

The gas flow rates of (70 sccm Ar), (15 sccm N2) and (5 sccm O2) were monitored by flow 

controllers HORIBASTEC (Ether CAT, N100). Subsequently, the TiON(Mo, Ag) films were 

deposited at the powers applied to the targets: Ti (600 W, 2 A), Mo (57 W, 0.3 A),and Ag (2, 

4, 6, 8, 10) W corresponding respectively to (0.02, 0.03, 0.04, 0.05, 0.06) A. The rotation of the 

substrate-holder was set at 10 rpm. 

The annealing process was carried out at low pressure of 10-3 mbar at 400 °C. The heating 

ramp was adjusted to 2 °C/min up to the target temperature, at which the sample was kept for 
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80 min. The samples were pre-heated at 200 °C for 20 min. A pressure of 10-5 Pa was set by a 

diffusion pump. Finally, the sample cooling was carried out at a -10 °C/min rate.  

V. 2 Antibacterial procedure 

V. 2.1 Monitoring of the bacterial inactivation 

Escherichia coli (E. coli K12) bacterium was obtained from the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany. Each sample 

was placed into a glass Petri dish then inoculated with bacteria. The 100 µL culture aliquots 

with an initial concentration of 4.3×106 colony-forming unit per milliliter (CFU mL-1) in 

NaCl/KCl were placed on coated and uncoated (control) samples. After preselected times, the 

samples were transferred into a sterile tube containing 900 µL autoclaved NaCl/KCl saline 

solution. This solution was subsequently mixed thoroughly using a Vortex for 2 min. Serial 

dilutions were made in NaCl/KCl solution. A 100 µL sample of each dilution was pipetted onto 

a nutrient agar plate and then spread over the surface of the plate using the standard plate 

method. Agar plates were incubated lid down to prevent evaporation for a period of 24 h before 

the colonies counting. Experiments were carried in triplicates and statistical analysis show 

standard deviation error bars (± SD, n = 5 %). Solutions and samples were autoclaved before 

use at 121 °C.  

V. 2.2 Genetically modified bacteria for intracellular bacterial inactivation testing 

Genetically modified E. coli mutant strains deficient in OmpF and OmpCporins (Outer 

membrane Channel Proteins F, C) were prepared according to protocols previously reported 

[1]. This approach allowed comparing the bacterial inactivation kinetics induced by: (i) the ions 

able to penetrate inside the cell, or (ii) by contact of the bacteria with the coated/sputtered 

surface. The genetically modified porinless E. coli TK 821 is is ogenic with K12 ATCC 

(American Type Cell Culture) bacterial strain. Both bacteria contain genotypes that reproduce 

indefinitely and remaining stable for many generations. The culture conditions used for the E. 

coli and the genetically modified E. coli were identical to limit the differences in growth of both 

strains. 
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V. 2.3 Irradiation procedures and methodology 

The irradiation of the E. coli on the TiON(Mo, Ag) samples was performed under solar 

simulated light (CPS Suntest System, Atlas GmbH, Hanau, Germany) with an emission between 

320 and 800 nm with light dose of 50 mW/cm2. This solar simulator was equipped with a quartz 

glass light tube, a filter E and an IR screen. In this way neither the UVC (Ultraviolet C) nor the 

IR (Infrared radiation) could reach the samples during the preset irradiation time. The samples 

were placed in the closed cavity of the solar simulated at 22 cm from the light source. The 

irradiance was measured by a radiometer/pyranometer (ILT-900-R). The global light irradiance 

reaching the samples was estimated to be ∼0.5% UVB (Ultraviolet B), ∼5% UVA (Ultraviolet 

A) and ∼94.5% visible wavelengths. The temperature inside the light cavity was < 35 °C using 

an integrated ventilation system.  

V. 2.4 Determination of the reactive oxidative radicals (ROS) leading to E. coli 

inactivation  

Photocatalytic inactivation of bacteria in aerobic conditions proceeds by highly 

oxidative radicals •OH, HO2
•/O2

− and the photogenerated holes (h+). The scavenging 

experiments by dimethyl-sulfoxide (DMSO, 2 mM), superoxide dismutase (SOD, 2 mM) and 

Ethylene tetra-acetic acid di-sodium salt (EDTA-2Na, 2 mM) were carried out to detect/identify 

the •OH, O2
− and vb(h

+) generated in solution during the bacterial inactivation process.  

V. 3. Structure and Composition 

The chemical composition of TiMoON-Ag films determined by EDS is shown in Table 

V. 1. This Table shows that the increase of Ag concentration from zero to 13 at. % led toa 

concomitant decrease in the (Ti/Mo/N) concentrations. The Ti-content changed from 44.2 to 

31.7at. %, and the content of Mo from 8.8 to 5.3 at.%. The total pressure Ar/(PN2 + PO2) in the 

sputtering chamber was maintained constant during all depositions. The decrease of Ti and Mo 

concentration in the films is attributed to the replacement of (Ti, Mo) by Ag. When Ag was 

added to the TiMoON films, the progressive increase of the (N+O)/(Ti+Mo) ratio suggests the 

formation of hyper-stoichiometric films.  

Annealed TiMoON-Ag films at 400 °C showed an accumulation of Ag on the film surface 

at the expense of other elements (see Table V. 1). Similar results were reported for annealed 



Chapter V: Elaboration and characterization of innovative TiMoON and TiMoON-Ag thin films for 

biomedical applications  
 

[150] 
 

TiSiAgN films deposited by RF magnetron sputtering [2]. According to Table1, the 

(N+O)/(Ti + Mo) ratio for the annealed TiMoON-Ag films is < 1. This means that the annealed 

TiMoON-Ag films present nitrogen/oxygen interstitial vacancies responsible for lower N-

stoichiometry and higher metal stoichiometry. The high metal stoichiometry is due to the 

vacancies in the film topmost layers by Ag. XRD and EDS analyses showed the increase of Ag 

on the topmost layers of the film after annealing. This observation was further confirmed by 

the TEM images analysis of the TiMoON-Ag films presented in section V.4. 

Fig. V. 1 shows grazing X-ray diffraction spectra of TiMoON films with different Ag 

contents before and after annealing at a temperature of 400 °C. TiMoON and TiMoON-Ag 

films containing low Ag concentration (3-5.3 at. %), the XRD patterns reveal four distinct peaks 

(111), (200), (220) and (311) at 25.3, 48.1, 55.0 and 62.7°, respectively, corresponding to a 

cubic-TiON structure (ICDD card no. 01-087-0633) with a (111) preferred orientation [3]. An 

increase in the Ag content up to 7.4 at. % led to a decrease of (111)/(200) peak intensity and 

the appearance of (111) and (200) of Ag planes. This observation suggests the formation of 

TiON and Ag-mixed phases. The diffraction peaks shift to higher angles of TiON peaks due to 

the substitution of Ti by Ag-atoms. The lattice parameter of the cc-TiON gradually decreased 

from 0.441 to 0.422 nm with a concomitant increase of Ag content due to the incorporation of 

Ag in the TiON. However, the crystallite size decreased with the incorporation of Ag then 

increased at a higher Ag content, as seen in Table V. 2. The annealing of the TiMoN-Ag films 

at 400 °C led to the formation of overlapping peaks of Ag and TiON with the (111) TiON 

preferential peak. This suggests that a part of silver was partially incorporated in the TiON 

lattice. No molybdenum phases were identified by XRD in agreement with Juet al. [4]. 
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TableV. 1.  Chemical composition of TiMoON-Ag films determined by (EDS). 

 

 

Table V. 2. Lattice parameter, crystallite size and RMS roughness of TiMoON-Ag films. 

 

 

 

 

 

 

Chemical composition (at. %) 

Coatings As-deposited films After annealing treatment at 400 °C 

Ti N O Mo Ag N-O/Me Ti N O Mo Ag N-O/Me 

TiMoNO 44.2 29 18 8.8 - 0.88 44 29.2 18.2 8.6 - 0.88 

TiMoNO-(3at.%Ag) 41.6 28.7 18.3 8.3 3 0.89 41.6 28.7 18.2 8.5 3 0.88 

TiMoNO-(5.3at.%Ag) 39.4 28.6 19.4 7.27 5.3 0.92 38.4 28.3 19.4 7.1 6.72 0.91 

TiMoNO-(7.4at.%Ag) 36.6 28.4 21.4 6 7.4 1.0 37.2 28.3 20.4 6.0 8.1 0.95 

TiMoNO-(9 at. %Ag) 35.2 27.5 22.4 5.8 9 1.01 37.5 27.2 18.4 6.4 10.4 0.97 

TiMoNO-(13at. %Ag) 31.7 27.2 22.8 5.3 13 1.0 31.5 26.4 22.5 5 14.6 0.96 

Coatings 

As-deposited films After annealing treatment at 400 °C 

Lattice 

Parameter 

(nm) 

Crystallite size 

(nm) 

RMS 

roughness 

(nm) 

Lattice 

Parameter 

(nm) 

Crystallite size 

(nm) 

RMS 

roughness (nm) 

TiMoNO 0.441 67 13.5 0.442 75 13.2 

TiMoNO-(3 at. %Ag) 0.438 65 13.7 0.437 67 13.9 

TiMoNO-(5.3 at. %Ag) 0.435 38 19.2 0.436 45 20.5 

TiMoNO-(7.4 at. %Ag) 0.427 24 20.1 0.428 28 20.3 

TiMoNO-(9 at. %Ag) 0.427 31 15.8 0.424 31 14.5 

TiMoNO-(13 at. %Ag) 0.422 35 9.9 0.421 32 13.8 
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Fig. V.1. XRD diffraction patterns acquired in grazing incidence mode for TiMoON-Ag films 

deposited with different Ag contents:  a) before and b) after annealing at 400 °C. 

V. 4 Morphology of the prepared TiMoON-Ag thin films 

The surface morphology of the TiMoON films with different Ag contents was observed 

by a scanning electron microscope (SEM). The metal ions (Ti+, Mo+ and Ag+) in the plasma 

react with nitrogen and oxygen. The results are shown in Fig. V. 2. TiMoON film exhibits a 

uniform pyramidal-like structure with few pinholes and defects. With increasing Ag content, 

the surface morphology of the TiMoON-Ag films became denser with fine grain and white 

spherical particles of Ag appeared on the film surface. After annealing at 400 °C, the Ag 

particles became larger as shown by the white spots below in Fig. V. 3. 
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Fig. V.2. SEM images of surface morphology ofthe films: a) TiMoON, b) TiMoON-(3 at. %Ag), c) 

TiMoON-(5.3 at. %Ag), d) TiMoON-(7.4 at. %Ag), e) TiMoON-(9 at. %Ag), and f) TiMoON-(13 at. 

%Ag).  

a

1 μm
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1 μm
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1 μm
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1 μm
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Fig. V. 3. SEM images of surface morphology of the films annealed at 400 °C: a) TiMoON, b) 

TiMoON-(3 at. %Ag), c) TiMoON-(6.72 at. %Ag), d) TiMoON-(8.1 at. %Ag), e) TiMoON-(10.42 at. 

%Ag), and f) TiMoON-(14.6 at. %Ag). 

Fig. V. 4 shows the transmission electron microscopy (TEM) images of TiMoON-Ag film 

containing 7.4 at. % of Ag. Fig. V. 4c, d shows Ag-agglomerated nanoparticles of 40 nm 

distributed in film annealed at 400 °C. Nanotube shaped spots were observed on the film 

surface. According to TEM image of Fig. 4a, the size of the pure TiOMoN particles is in the 

range of 24–28 nm as obtained by Scherrer equation (Table V. 2).  
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Fig. V.4.TEM cross section morphology of TiMoON-(7.4 at. %Ag) film: a + b) before annealing, and 

c + d) after annealing at 400 °C. 

Fig. V. 5 presents the XPS spectra of Ti2p, O1s, Ag3d and Mo3d of TiMoON-(7.4 at. % 

Ag) film before and after annealing at 400 °C. Peaks deconvolution was performed for the peaks 

of each element. The Ti 2p3/2 and Ti2p1/2 peaks indicate binding energies of 457.55 and 465.48 

eV, respectively in Figure V. 5a. After deconvolution, the Ti 2p3/2 spectrum consists of three 

distinct peaks at 455.8, 457.6 and 460.2 eV corresponding to TiN, TiON and TiO2, respectively 

[5]. After annealing at 400 °C (Fig. V.5b), a small shift to lower binding energy confirms an 

increased oxygenation of the TiON lattice. The deconvoluted O1s spectrum shows the Ti-O, 

Ti-O-N and N-O binding energies at 529.9, 531.1 and 533.9 eV in Fig. V.5c [6]. After annealing 

treatment, the Ti-O peak becomes stronger with a decrease in the Ti-O-N peak intensity due to 

the bonding of oxygen atoms with titanium atoms. The Ag 3d5/2 spectra show a high peak 

located at 368.54 eV corresponding to the binding energy of the AgO along with appear small 

peaks at 368.5 eV (Ag) and 370.3 eV (Ag2O) (Fig. V.5e) [7]. The transformation of Ag to an 

oxide after annealing was confirmed by XPS analysis. Fig. V.5f presents film annealed at 400 

°C showing the AgO peak of high intensity significantly shifted with respect to the Ag peak 

position.  
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The Mo3d deconvoluted peaks in Fig. V.5g showed the presence of three multi-

components: Mo2O5 at 230.1 eV, Mo3O at 231.17 eV and MoN at 232.8 eV. After annealing 

treatment, the atomic ratio Mo2O5/Mo3O slightly increased while that of MoN decreased as 

compared before annealing treatment. This suggests that the nitrogen in the TiMoON-(7.4 at. 

%Ag) film was replaced by oxygen leading to molybdenum oxide (MoO2) but without changing 

the oxidation state of Mo [8].  

 

Fig. V.5. XPS spectra of: a) Ti2p, c) O1s, e) Ag3d, and h) Mo3d of the as-deposited TiMoON-(7.4 at. 

%Ag) film, and b) Ti2p, d) O1s, f) Ag3d, and g) Mo3d after annealing at 400 °C. 
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V. 5 Wetting Property 

Fig. V.6 shows dynamic water contact angle measurements on TiMoON-Ag films 

deposited on glass before and after annealing treatment at 400 °C. Wetting is higher on 

TiMoON-Ag films (Fig. V. 6a) than in the case of the annealed films (Fig. V. 6b). Ag addition 

and increasing its content in TiMoON film to 7.4 at. % increased the contact angle from 98° to 

121°. Films showing a higher contact angle present increased antimicrobial properties/surface 

roughness [9]. This angle decreased to 115° and 108° for the films containing 9 at. % and 13 

at.% of Ag, respectively. Ag-based films are predominantly hydrophobic [10] and the root mean 

square (RMS) values of the films increase with Ag content as observed for the TiOMoN films. 

Annealing treatment led to diffuse the Ag through the TiMoON films. Ag particles agglomerate 

during the film annealing resulted in higher RMS value. The higher hydrophobicity of films 

will help to prevent water droplets permeation on the film surface [11]. 
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Fig. V. 6. Contact angles of water droplets on TiMoON films deposited with different Ag contents: a) 

before and b) after annealing treatment at 400 °C. 

V. 6 Inactivation kinetics of E. coli on TiOMoN-Ag sputtered films  

Fig. V.7 shows E. coli inactivation on TiOMoN-Ag films under solar simulated light 

(50 mW/cm2, 320–800 nm). The addition of Ag to the TiOMoN films led to an acceleration of 

the bacterial inactivation kinetics in the samples TiOMoN-Ag with 5.3 at. % and 7.4 at. % Ag. 

These samples presented crystallite sizes (38-24 nm) and RMS roughness of 19.2 nm and 20.1 

nm, respectively (Table V. 2). High RMS surface roughness means that the film surface presents 

a high peak density enabling to interact with E. coli [12]. 
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Fig. V.7. Bacterial inactivation on TiOMoN and TiOMoN-Ag coatings under solar simulated light. 

V. 6.1 Mechanism suggested for TiOMoN-Ag films leading to bacterial inactivation 

Four considerations may be taken into account to rationalize the TiOMoN-Ag mediated 

bacterial inactivation:  

a) The residual H2O (∼1015molecules/cm2) in the sputtering chamber with a residual 

pressure of 4 × 10−4 Pa decomposes leading to the evolution of O2, 

 b) The TiOMoN-Ag films further oxidize after sputtering when exposed to air, 

 c) The autoclaving at 121°C used during sterilization prior to the use leads to surface 

oxidation, 

d) The Ag+ positive charge on the film interacts with the -COO
-
 and other negatively 

functional groups of the bacterial envelope.  

In the presence of air (O2) and air humidity, Ag in the film leads to AgOH. The later species 

decomposes spontaneously to Ag2O: 

2AgOH → Ag2O + H2O                          (pk= 2.87)        (V. 1) 

Ag2O generates of Ag+ and HO
.−-ions as shown by Eq. V. 2.  

2Ag2O + 2H2O → 4Ag++ 4HO
.−                                               (V. 2) 

0 60 120 180 240 300 360
100

101

102

103

104

105

106

107

E
. 

c
o

li 
(C

F
U

/m
l/
c
m

2
)

Time (min)

 TiOMoN

 TiOMoN(3 at.% Ag)

 TiOMoN(5.3 at.% Ag)

 TiOMoN(7.4 at.% Ag)

 TiOMoN(9 at.% Ag)

 TiOMoN(13 at.% Ag)



Chapter V: Elaboration and characterization of innovative TiMoON and TiMoON-Ag thin films for 

biomedical applications  
 

[160] 
 

Ag2O is thermodynamically stable in the region of pH (6–8), which is required for the 

survival of E. coli [13] and absorbs light in the range of the solar spectrum [14-17] generating 

holes and electrons as shown below: 

Ag2O
+ light (solar simulated light) → Ag2O(h+) + Ag2O(e−)   (V. 3) 

Ag2O + e−→ 2Ag• + ½O2
−v        (V. 4) 

The O2 in Eq. V. 4 promotes reactions: 

2e−+ 2H2O + O2→2OH• + 2OH•−                (V.5) 

e−+ O2→ O2
•−   (V. 6) 

h++ H2O→ OH• + H+   (V. 7) 

TiO2 in the films also leads to OH-. radicals [18-22]: 

TiO2+ light (solar simulated light) → TiO2(h
+) + TiO2(e

−)   (V. 8) 

h+ + H2O → OH•+ H+  (V. 9) 

h+ + OH- → OH(V. 10) 

e− + O2→ O2
•−   (V. 11) 

O2
•−+ H+→ H2O

•  (V. 12) 

2H2O
•→ O2 + H2O2                         (V. 13) 

H2O2+ O2
•−→ HO•+ OH- + O2 (V. 14) 

HO•+ bacteria → cell death                         (V. 15) 

The third bacterial inactivation mechanism is due to MoO3 leading to formation of H3O
+ 

through surface acidic reactions which subsequently reacts with H2O: 

MoO3 + H2O → H2MoO4                (V. 16) 
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H2MoO4+ H2O → MoO4
−+ 2H3O

+   (V. 17) 

The E. coli inactivation mechanism is presented graphically in Fig. V.8. The Ag+ cations 

anchor on the cellular membrane, which is coordinated with H3O
+ ions. The later species enters 

the cell wall affecting the respiration cycle of E. coli [23-24]. MoO3 presents a similar pattern 

to inactivate bacteria [25-26]. Bogdan et al. [27] and Nesic et al. [28] presented the 

experimental evidence for electrons in the conduction band reacting with the adsorbed O2 on 

TiO2 to yield HO2
•−radical anions and highly oxidative radicals attacking the inner cell wall 

membrane and leading to cell death. 

 

 

 

 

 

 

 

Fig. V. 8. Schematic diagram illustrating the bactericidal inactivation mechanism of TiOMoN-Ag 

films. 

V. 6.2 Effect of film annealing on the bacterial inactivation  

Fig. V.9 shows the E. coli inactivation on annealed TiOMoN and TiOMoN-Ag films 

under solar light (50 mW/cm2, 320–800 nm). During annealing at 400 °C, Ag immigrates to the 

film surface as seen in SEM surface and TEM images (Figs V. 2-4 and Table V. 1). The film 

with 3 at. % Ag with a smoother surface (RMS = 13.9 nm) presented a lower bacterial 
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inactivation of E. coli as compared to TiOMoN-6.72 at. % Ag with a higher RMS value of 20.5 

nm (Fig. V. 9 and Table V. 2).  

The Ag agglomeration in the films with higher Ag content (10.42 and 14.6 at. % Ag) led 

to the degradation of inactivation kinetics on films presenting RMS values of 14.5 nm and 13.8 

nm, respectively (Figs V. 3 e-f and V.9, Tables V.1 et V. 2). 

 

Fig. V. 9. Effect of the annealing treatment on the bacterial inactivation on TiMoON-Ag films 

containing different Ag contents. 

V. 6.3 Bacterial inactivation of normal and porinless E. coli on TiMoON-7.4 at. %Ag films 

Fig. V. 10 presents the bacterial inactivation results under solar simulated light 

(50 mW/cm2, 320–800 nm) for normal and porinless E. coli on the TiOMoN-7.4 at. % Ag film. 

Fig. V.10 shows that the bacterial inactivation took 90 minutes for normal E. coli and 150 min 

for porinless E. coli. In the case of normal E. coli, the Ag+ diffuse through the E. coli cell wall 

porins from the first contact (time zero) due to Ag+-ions associated with Ag/Ag2O/AgO-oxides. 

This leads to a fast bacterial inactivation compared to porinless E. coli (Fig.V. 10). In the case 

of the porinless bacteria, the Ag/Ag2O/AgO-oxides in a first stage process damage the outside 

cell wall integrity and only after this initial stage is completed, Ag+-ions translocate through the 
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cell wall into the cell cytoplasm leading to bacterial death [24-30]. In the later process, the 

damage of the cell envelope was due to the change in local pH, denaturation of the cell 

functional groups, cell size and shape and changes in the surface cell potential [29].  

 

Fig. V.10. Bacterial inactivation of normal and porinless E. coli on TiMoON-7.4 at. %Ag film. 

V. 6.4 Stereomicroscopy of E. coli on Stained Bacteria Samples 

Fig. V. 11 presents the stereomicroscopy images captured on the TiOMoN-7.4 at. % Ag 

film in the dark and under light as a function of the disinfection time. The green dots represent 

the living bacteria, while the red dots present dead bacteria. The red color is due to the 

fluorochrome that enters the cell and stains the DNA-cytoplasm, when the cell wall membranes 

are damaged [31]. After 15 min in the dark, only green dots were observed. Under light 

irradiation after 60 min, red dots with some of the green cells are seen in Fig. V. 11, indicating 

partial bacterial inactivation that is completed afterwards beyond 90 min.  
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Fig. V. 11. Fluorescence stereomicroscopy of E. coli on TiOMoN-7.4 at. % Ag film for: a) time zero 

(15 min in the dark), after b) 60 min and c) 90 min under solar simulated light. 

V. 6.5 Contribution of the ROS in the bacterial inactivation at the interface of TiOMoN-

7.4 at. % Ag film under solar simulated light 

Reactive oxygen species (ROS) are the species that lead to bacterial inactivation in 

solution. To identify these species dimethylsulfoxide (DMSO, 2 mM), superoxide dismutase 

(SOD, 2 mM) and ethylene tetra-acetic acid disodium salt (EDTA-2Na, 2 mM) were used to 

identify the •OH, O2
−and vb(h

+). The photocatalytic bacterial inactivation in Fig. V.12was 

suppressed by addition of dimethylsulfoxide (DMSO) and ethylene tetra-acetic acid disodium 

salt (EDTA-2Na). The •OH and h+ species intervene jointly leading to the bacterial inactivation. 

The SOD (O2
•- scavenger) in Fig. V. 12 inhibits bacterial inactivation to a small degree 

compared to vb(h+) and the •OH- radical.  

 

 bacterial inactivation that is completed afterwards beyond 90 min.  

 

Fig. V.11. Fluorescence stereomicroscopy of E. coli on TiOMoN-7.4 at. % Ag film for: a) time zero 

(15 min in the dark), after b) 60 min and c) 90 min under solar simulated light. 

a b c 
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Fig. V.12. Contribution of the reactive oxygen species (ROS) in the bacterial inactivation at the 

interface of TiOMoN-7.4 at. % Ag film under solar simulated light. 

Fig. V.13a presents the UV–Vis absorption plots of TiMoON and TiMoON-7.4 at.%  Ag 

films. The spectra of the films were registered in the 250 – 800 nm range. The spectrum of 

TiOMoN shows a high absorption < 400 nm with a very little absorption in the visible region. 

XPS results indicated that doping by 7.4 at.% Ag leads to the formation of Ag2O. Ag2O induces 

a red shift in the spectrum of the TiOMoN–(7.4 at. % Ag) film. According to Liu et al. [31] 

TiO2 and MoO3 also contribute to the red shift in the films shown in Fig. V. 13. 

Fig. V.13b shows the spectra of the films used to calculate the bandgap (bg) by Tauc’s equation: 

(αhv)n=K(hv-Eg)                                                 (V. 18) 

K, α, and hv present the constant value, absorbance coefficient, and photon's energy, 

respectively, n is the transition category (n = 0.5 for indirect and n = 2 for direct transition). The 

intercept from the extrapolation of the linear portion of the (αhv)1/2∼hv plot gives the bandgap. 

The Eg value of the TiOMoN film reduced from 2.88 eV to 2.11 eV after doping by 7.4 at. % 

Ag.  
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Fig. V. 13. (a) Optical absorption spectra and (b) Tauc plots of fabricated samples. 

A simplified scheme for the intervention of the TiOMoN-Ag film for bacterial 

inactivation is suggested next in Fig. V.14. Visible light absorption has been reported for MoO3 

[32-33]. Fig. V.14suggests that electrons move from the Ag2O to the heterojunction TiO2 

/MoO3. These TiO2/MoO3/Ag2O electrons can be trapped by O2 to yield O2
•− and •OH when 

intervening in the bacterial inactivation process.  
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Fig. V.14. Suggested mechanism under solar simulated light leading to bacterial inactivation/death. 
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Conclusion  

In this chapter, TiMoON and TiMoON-Ag films deposited with different Ag contents by 

RF magnetron sputtering presented dense and rough structure with heterogeneous distribution 

of Ag nanoparticles. Differentiated E. coli bacterial inactivation process by extracellular and 

intracellular processes is investigated by the genetically modified bacteria and the effect of 

different concentrations of various chemicals (scavengers, oxidants, holes) on the 

photocatalytic process was also reported in details:  

 With increasing Ag content, the surface morphology of the TiMoON-Ag coatings became 

denser with a very fine grain size with the appearance of white spherical particles due to 

Ag precipitation on the film surface. The annealing treatment at 400 °C led to a bonding of 

more Ag-nanoparticles on the film surface compared to the as-deposited films. The 

hydrophobic property of the TiMoON increased with the increasing of the Ag content 

getting the highest values of 121° and 127° for 7.4 % Ag before and after annealing, 

respectively. 

 There is no reaction for bacterial inactivation in dark and the faster inactivating 

photocatalysts were obtained for TiOMoN-7.4 at. % Ag and TiOMoN-6.72 at. % Ag films 

with the highest RMS of 20.1 nm and 20.5 nm for the as-deposited and annealed films, 

respectively. 

 An extracellular mechanism is suggested in the initial stages for porinless E. coli, followed 

by a second stage intracellular process. 

 Identification of the ROS in solution showed that hydroxyl radicals played the main role in 

the bacterial degradation.  

 The films hydrophobicity increased with the film Ag-content and led to an acceleration of 

the bacterial inactivation process. 
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GENERAL CONCLUSION 

The main purpose of this thesis was to study and ameliorate the tribo-mechanical 

properties, anticorrosion behavior and anti-bacterial performance of the cold-sprayed 316L 

stainless steel coated with binary (TiN), ternary (TiAlN), quaternary (TiAlMoN) and 

(TiMoONAg) coatings deposited by magnetron sputtering technique.  

First, the cold spray process parameters were simulated by using a Kinetic Spray 

Solutions (KSS) software and many experiments were carried out to evaluate the effect of 

process parameters on the tribo-mechanical behavior and electrochemical corrosion 

performance of the cold-sprayed SS316L coating. 

 The one-dimensional model showed that the increase of carrier gas temperature with a 

fine size particle led to a larger particle velocity. 

 The SS316L coating cold-sprayed under He with high particle velocity presented a dense 

and smooth coating, leading to enhanced hardness and tribological performance and the 

best corrosion resistance in sea water (3.5 wt. % NaCl solution). 

Then, TiN, TiAlN and TiAlMoN coatings with different molybdenum contents were 

successfully produced on SS316L using the magnetrons sputtering technique. 

 With increasing Mo content in TiAlN coatings, their single-TiN phase was transformed to 

TiN and Mo2N mixed phases. This led to slightly increase the lattice parameters with high 

microstrain. 

  The Ti33Al3N47Mo16 coating showed a dense morphology and smooth surface, high 

compressive stress, high contact angle (104°) and low surface energy (32.22 mN/m). 

 The tribological behavior was significantly improved with the Mo addition. Wear rate of 

the film containing 16.09 at.% of Mo was reduced to 1.534 ×10-6 and 0.849×10-6 mm3/N 

under 2N and 5N loads, respectively. The enhancement of wear resistance is due to the 

smooth surface, high H/E and H3/E2 ratio and the formation of TiO2 and -MoO3 

lubricating phases.  

 The corrosion resistance of the cold-sprayed SS316L was enhanced by the protective 

deposited films and the best anticorrosion behavior was found for the film containing 

16.09 at. % Mo. 

The innovative TiMoON and TiMoON-Ag films deposited with different Ag contents on 

glasses by RF magnetron sputtering presented dense and rough structure with heterogeneous 
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distribution of Ag nanoparticles. The antibacterial performance of these films was 

investigated.  

 With increasing Ag content, the surface morphology of the TiMoON-Ag coatings became 

denser with a very fine grain size with the appearance of white spherical particles due to 

precipitation of Ag on the film surface. The annealing treatment at 400 °C led to a 

bonding of more Ag-nanoparticles on the film surface compared to the as-deposited films.  

 The hydrophobic property of the TiMoON increased with the increasing of the Ag content 

getting the highest values of 121° and 127 for 7.4 at. % Ag before and after annealing, 

respectively. 

 There was no reaction for bacterial inactivation in dark and the faster inactivating 

photocatalysts were obtained for TiOMoN(7.4 at. % Ag) and TiOMoN (6.72 at. % Ag) 

films with the highest RMS of 20.1 nm and 20.5 nm for the as-deposited and annealed 

films, respectively. 

 An extracellular mechanism was suggested in the initial stages for porinless E. coli, 

followed by a second stage intracellular process. 

 Identification of the ROS in solution showed that hydroxyl radicals played the main role 

in the bacterial degradation and the films hydrophobicity increased with the film Ag-

content and led to an acceleration of the bacterial inactivation process. 

 The bacterial inactivation on TiOMoN (7.4 at. % Ag) film was completed in short time 

(within 90 min) which presents a more advancement of disinfection of film surfaces 

showing a potential for practical applications in the biomedical field. 

As a point of view to improving more the coatings developed in this work and taking into 

account the results obtained in this study, several perspectives can be suggested: 

 It seems interesting to study the other parameters of magnetron sputtering process (like 

substrate temperature) to enhance the coatings and improve their resistance to wear and 

corrosion also analyze the adhesion of coatings. 

 We have seen that the TiOMoN (7.4 at. % Ag) film has an effective anti-bacterial 

performance under solar simulated light. In next step, it would be interesting to test this 

coating in other environments like in the case of coated hip implant inserted in human 

body. 
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Appendix A : Résumé en Français  

Tenue à l'usure et à la corrosion des revêtements à base de titane déposés 

sur des aciers inoxydables 316 L  

Introduction générale 

Les principaux défis dans le domaine industriel sont de concevoir et de produire des 

composants avec des films durs ayant un faible coefficient de frottement (COF) et une forte 

résistance à la corrosion pour l’utilisation dans des environnements sévères [1-2]. Cold Spray 

(CS) est l'un des techniques de revêtements qui ont rapidement progressé en présentant une 

nouvelle technologie future et émergente. Le dépôt d'acier inoxydable par CS a un fort potentiel 

dans différents domaines en raison de ses caractéristiques telles que la facilité de fabrication, la 

bonne résistance mécanique, la résistance raisonnable à la corrosion, la biocompatibilité et le 

faible coût [2]. 

Cependant, la dureté de surface de l’acier inoxydable(SS) 316L et la résistance à l'usure 

sont médiocres [3, 4]. Si on prend l’exemple de prothèses d’hanche, on estime qu'environ 10 % 

des prothèses ont seulement été changées. Après 10 à 15 ans du fait, la corrosion et l'usure 

localisée se sont produits à cause de la forte concentration des ions Cl- dans les fluides 

physiologiques [5]. De plus, la faible propriété antibactérienne est l'une des principales 

limitations de l'acier inoxydable 316L qui est principalement utilisé dans la fabrication 

d'instruments chirurgicaux. 

Afin d'améliorer les propriétés mécaniques, tribologiques, anticorrosion et la performance 

antibactérienne de l'acier inoxydable 316L, il est nécessaire d’appliquer des revêtements 

protecteurs. La pulvérisation magnétron s'est rapidement développée et fait aujourd'hui partie 

des techniques préconisées pour le dépôt de divers revêtements industriels. 

L'objectif de ce travail est de développer une nouvelle génération de revêtements à base 

de titane de bonnes propriétés tribo-mécaniques, électrochimiques et antibactériennes. Nous 

développons un traitement DUPLEX qui s'articulera en deux étapes à savoir une première partie 

la réalisation et la caractérisation de l'acier inoxydable 316L par Cold Spray puis le traitement 

de surface par l’application et la caractérisation des couches minces à base de nitrure de titane 

(TiN). Différents dépôts ternaires (TiAlN), quaternaires TiAlMoN et un innovant revêtement 
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quinaires (TiMoONAg) ont été déposés par la technique de pulvérisation cathodique 

magnétron.  

Ce manuscrit s’articule autour de cinq chapitres. 

 Le premier chapitre est consacré à la synthèse bibliographique de l'acier inoxydable 

316L constituant le substrat élaboré par cold spray puis le traitement de surface par 

application des couches minces quaternaires de système TiAlMoN et de l'innovant 

quinaire TiMoONAg. 

 Le deuxième chapitre constitue une présentation des techniques d’élaboration (cold 

spray et pulvérisation cathodique magnétron), conjointement aux nombreuses méthodes 

de caractérisations physico-chimiques des revêtements (DRX, MEB, XPS, RAMAN, 

UV-visible…) et de leurs propriétés d’usage (étude mécanique, tribologique, corrosion 

et activité antibactérienne). 

 Le troisième chapitre est dédié d'abord à l’identification des paramètres optimaux de 

l’élaboration de revêtements de 316L par la technique de cold spray. L'effet des gaz 

utilisés d'hélium et d'azote a été étudié. Le comportement tribologique a été évalué sous 

différentes charges appliquées dans des conditions sèches et nous avons étudié le 

comportement électrochimique (résistance à la corrosion) dans une solution d’eau salée 

de 3,5% massique de NaCl. 

 Dans le quatrième chapitre, nous proposons une technique hybride combinant la 

technique de cold spray (CS) et la pulvérisation magnétron (MS) pour fabriquer des 

composants hybrides CS-MS. Nous étudions des revêtements TiAlMoN déposés par 

MS sur l’acier inoxydable 316L pour l’objectif d’améliorer le comportement 

tribologique et la résistance à la corrosion des composants hybrides développés. 

 Dans le cinquième chapitre, nous présentons des films innovants de TiMoON et 

TiMoON-Ag préparés par la pulvérisation magnétron dans un mélange de gaz (Ar 

/N2/O2). Ces revêtements sont suivi par un traitement thermique de recuit sous vide à 

400 °C et leurs comportements antibactériens ont été évalués sous une irradiation de 

lumière solaire simulée. 

Enfin, la thèse est terminée par une conclusion générale et des perspectives pour nos futurs 

travaux de recherche. 
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Chapitre I: Etude bibliographique sur les matériaux étudiés 

I. 1. L’acier inoxydable 316L 

Dans le cadre de cette étude, nous nous intéresserons aux aciers austénitiques, en 

particulier la nuance 316L qui se relève de la catégorie des aciers Cr-Ni-Mo à base carbone. 

Cette nuance appartient à la famille des aciers inoxydables 316, 321, 347 et 304. Ils ont une 

faible limite d'élasticité inférieure à 300 MPa, une résistance mécanique inférieure à 650 MPa 

et une dureté de (250-400) HV [6]. Le dépôt d'acier inoxydable par Cold Spray (CS) a un fort 

potentiel dans différents domaines. Les études des propriétés tribologiques de l'acier 316L dans 

la littérature sont limitées à cause de ductilité et sa faible résistance à l'usure [2-4]. 

L’inflammation et l’infection, qui sont généralement dues à l'adhérence et à la colonisation de 

bactéries sur les biomatériaux causent les principales limitations de cet acier [7]. 

I. 2. Système quaternaire de revêtement TiAlMoN 

Une attention importante a été apportée au développement des matériaux dits adaptatifs, 

ce qui implique de travailler avec succès dans diverses conditions et de s'adapter aux facteurs 

externes variantes [8]. Plusieurs chercheurs ont démontré que les revêtements durs sont 

généralement caractérisés par de bonnes propriétés tribologiques grâce à l’oxydation pendant 

le frottement et la formation d'un lubrifiant solide [9]. Il a été observé que l'introduction du 

molybdène (Mo) dans le système TiAlN a conduit à l’augmentation de la dureté et du module 

d’élasticité en raison de l'effet de renforcement de la solution solide par le molybdène [10]. 

Un coefficient de frottement faible et une excellente résistance à l'usure ont été constatés 

dans divers revêtements de nitrures dopés par Mo, tels que TiN/MoN [11] et TiMoN [12]. Par 

conséquent, on peut conclure que le molybdène a un potentiel comme un élément de dopage 

qui peut former des oxydes et des phases Magnélli, où l'ordre spécifique des lacunes en oxygène 

conduit à la formation de plans de cisaillement à faible propriété d’usure [13]. Il est bien admis 

que le faible frottement des revêtements contenant du molybdène est attribué à la formation 

d'une couche superficielle lubrifiante de MoO3 due au mécanisme de tribo-oxydation. 

Néanmoins, dans la littérature, les études des revêtements quaternaires dopés en molybdène 

sont très limitées [14, 15]. Le molybdène peut être un bon candidat pour améliorer la résistance 

à l'usure et à la corrosion. A notre connaissance, il n'y a pas des études antérieures déjà réalisées 

sur la mouillabilité et la résistance à la corrosion par piqûres des revêtements TiAlMoN. 
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I. 3. Système quinaire de revêtement TiOMoN-Ag 

A notre connaissance, il n'y a pas d’études précédentes sur le revêtement TiOMoNAg. 

Nous sommes les premiers qui avons élaboré ce type de revêtement par pulvérisation magnétron 

et nous avons étudiés la performance antibactérienne sous une lumière solaire simulée dans 

différentes conditions. Selon notre hypothèse qui est basée sur la combinaison entre les 

différents composants (TiO2, MoO3 et Ag2O), nous avons conçu le revêtement TiOMoNAg 

pour l’application biomédicale. 

Des travaux de recherche récents ont exploré l'utilisation d'oxydes métalliques binaires 

pour diminuer l'infection grâce à la génération d'espèces réactives de l'oxygène (ROS) à partir 

des semi-conducteurs photo-activés qui peuvent tuer efficacement les bactéries [16]. Parmi ces 

semi-conducteurs, le dioxyde de titane (TiO2) est le photocatalyseur le plus utilisé et qui 

présente un grand potentiel dans la purification des eaux compte tenu de sa non-toxicité, son 

faible coût et sa forte oxydation [17]. L'efficacité antibactérienne de photocatalyseur TiO2 est 

attribuée à la génération des trous (h+) et les électrons réagissent (e-) conduisant à des radicaux 

hydroxyles (·OH), l'oxygène (O-.) et le peroxyde d'hydrogène (H2O2). Sous la lumière, TiO2 ne 

peut répondre que dans la région ultraviolette (UV), ce qui limite son utilisation dans le domaine 

d'énergie solaire [18]. 

De plus, des films à base de Mo ont été testés sur des bactéries Gram positives et Gram 

négatives, présentant des propriétés bénéfiques. Tétault et al. [19] ont découvert que l'activité 

antibactérienne de MoO3 provient de la formation d'ions (H3O
+). Son mécanisme est basé sur 

la diffusion de ces ions dans les membranes cellulaires qui détruit l'équilibre de pH et les 

systèmes de transport enzymatique, détériorant ainsi la prolifération des bactéries. Cependant, 

les deux semi-conducteurs TiO2 et MoO3 sont limités par leur large gap. Récemment, Ag2O 

s'est avéré être un photocatalyseur de lumière visible auto-stable et très efficace avec un gap 

d'énergie d'environ 1,2 eV [20]. Il a été démontré que l'hétérojonction d’Ag2O avec d'autres 

semi-conducteurs pourrait efficacement améliorer l'activité photocatalytique induite par la 

lumière visible, comme Ag2O/TiO2 [21] et MoO3/SiO2/Ag2O [22]. Cette combinaison donne 

une très bonne capacité de photo dégradation et d’activité antibactérienne.  
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Chapitre II. Méthodes et techniques expérimentales 

Dans notre travail, le logiciel « Kinetic Spray Solutions (KSS) » a été utilisé pour simuler 

le processus de cold spray (CS) afin d'estimer les conditions optimales d’élaboration avant la 

réalisation de dépôt d’acier inoxydable 316L. 

II. 1. Techniques de l’élaboration 

Un traitement DUPLEX a été développé en deux étapes : 

 Déposition de l'acier inoxydable 316L par le procédé CS, en utilisant He et N2 comme 

gaz propulseurs. Des dépôts d’environ 2 mm d’épaisseur ont été réalisés en appliquant 

les paramètres idéaux déterminés par la simulation. 

 Déposition des revêtements à base de TiN par la technique de pulvérisation magnétron 

: TiAlN, TiAlMoN et TiMoONAg. 

Les dépôts CS ont été réalisés à l'aide d'un système CGT K3000 en projetant les poudres d’acier 

316L type H.C. Starck 0717-074.  La Fig. II.1 illustre le principe de dépôts CS où on peut 

remarquer la buse convergeant utilisée de type dé-lavale. Un bras de robot industriel est utilisé 

pour effectuer le mouvement du pistolet de projection afin d'obtenir un chemin de pulvérisation 

contrôlable et précis. Les paramètres utilisés pour les dépôts CS sont présentés dans le Tableau 

III. 1. 

 

Fig. II.1. a) Illustration schématique de principe du dépôt CS, b) la machine de dépôt utilisée [23].  
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Tableau III. 1. Conditions d’élaboration de l’acier inoxydable 316L par cold spray. 

 

 

 

 

 

 

La machine (Dephis, France) a été utilisée (Fig. II. 2) pour l’élaboration des revêtements 

(TiN(Al, Mo) et TiMoON-Ag) par pulvérisation cathodique magnétron. Le choix de cette 

technique a été fait en raison de ses nombreux avantages par rapport aux autres techniques de 

revêtement sous vide telles que la vitesse de croissance de dépôt élevée, la facilité de 

pulvérisation, la haute pureté, la haute densité et l'uniformité des films, etc. Les paramètres 

utilisés dans la déposition de nos couches minces sont présentés dans les Tableaux III. 2 et III.3. 

 

Fig. II.2. (a) Illustration schématique du principe de dépôts réalisés par pulvérisation cathodique 

magnétron et (b) la machine de dépôt utilisée. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

SS316L 

Ar 
N2 

O2 

SS316L 

b) a) 

Conditions de projection N2 He 

Débit massique de poudre (g/min) 40 75 

Vitesse de balayage (mm/s) 300 200 

Distance de standoff (mm) 25 25 

Pression de gaz (bar) 30 21.8 

Température du gaz °C 650 480 

Distance de la gorge de l'injecteur (mm) -50 -18 

Pas de balayage (mm) 2 1 
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Tableau III. 2. Tableau récapitulatif des paramètres de dépôt du TiN(Al, Mo) 

Substrat (Elaboré par CS) Acier inoxydable 316L 

Pression de vide 

Pression de travail 

N2/Ar  

Courant de pulvérisation de Ti et Al (A) 

Courant de pulvérisation de Mo (A) 

Température du substrat 

Vitesse de rotation du porte-substrat 

6 × 10-4 Pa 

0.4 Pa 

0.25 

Ti(2.5), Al(0.5) 

Varié entre 0 et 0.7 

Température flottante 

10 rpm 

 

 

Tableau III. 3. Tableau récapitulatif des paramètres de dépôt du TiMoON-Ag 

Substrat Verre 

Pression de vide 

Pression de travail 

Début de gaz Ar, N2 et O2(sccm) 

Courant de pulvérisation de Ti et Mo (A) 

Courant de pulvérisation de Ag (A) 

Température du substrat 

Vitesse de rotation du porte-substrat 

6 × 10-4 Pa 

0.4 Pa 

Ar(70), N2(15) et O2(5) 

Ti(2), Al(0.3) 

Varié entre 0.02 et 0.06 

Température flottante 

10 rpm 

 

II. 2. Techniques de caractérisations 

Nous avons utilisé plusieurs techniques de caractérisations physicochimiques et d’usage. La 

fig. II.3 présente la liste de ces techniques utilisées.  

 

Fig. II.3. (a) Schéma de techniques de caractérisations utilisées. 

Technique de l’élaboration 
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II. 3. 1. Performance tribologique 

Des tests de frottements et d'usure ont été effectués dans notre étude à l'aide d'un 

tribomètre (CSM, Anton Paar) (Fig. II.4). Nos revêtements ont été testés contre des billes en 

acier 100C6 (6 mm de diamètre). Les tests ont été réalisés à température ambiante en appliquant 

deux charges (2 et 5 N) pendant une distance parcourue de 50 m. 

 Les courbes des coefficients de frottement ont été automatiquement enregistrées par le 

logiciel du tribomètre. La perte (volume usé) a été mesurée à l'aide d'un profilomètre (Altisurf 

500), puis les taux d'usure (W en mm3.N-1m-1) des revêtements ont été évalués en utilisant 

l'équation suivante (Eq. II.1): 

W =
V 

LF
(II. 1) 

Où V est le volume usé en mm3, L est la distance de glissement totale en m, et F est la charge 

appliquée en N. Après les tests de frottement, les traces d’usures ont été analysées par un MEB, 

EDX et Spectroscopie Raman. 

 

Fig. II.4. (a) Illustration schématique d’un test de frottement, et (b) le tribomètre utilisé. 

II. 3. 2. Comportement électrochimique 

Les propriétés électrochimiques de nos échantillons ont été évaluées à l'aide d’un potentiostat 

Origalys et d'une cellule de corrosion Biologic (Fig.II.5). Des tests de corrosion par piqûres ont 

été effectués sur une surface d'exposition de 1 cm2 à température ambiante dans une solution 

de 3,5% massique de NaCl (PH∼6,3). Trois électrodes ont été utilisées : une électrode au 

calomel saturée SCE (Hg/Hg2Cl2-Sat.KCl) comme électrode de référence, un maillage de 
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platine comme une contre-électrode et les éprouvettes avec et sans revêtement comme une 

électrode de travail. Afin d'assurer la stabilité du système, le potentiel de circuit ouvert (OCP) 

a été mesuré pendant 60 min. La vitesse de balayage a été fixée à 0,5 mV/sec Les principaux 

paramètres de corrosion ont été déterminés en utilisant des courbes de polarisation. 

 

Fig. II.4. Montage expérimental pour les essais de corrosion. 

II. 3. 3. Tests antibactériens 

Nous avons évalué le comportement antibactérien des films de TiMoON et TiMoON-

Ag déposés par pulvérisation magnétron et suivis par un recuit sous vide à 400 °C. Nous avons 

étudié leur cinétique d'inactivation, leur stabilité, leur efficacité et leurs propriétés adhésives à 

l'aide de bactéries Escherichia coli (E. coli K12). Les tests ont été effectués sous une lumière 

solaire simulée (50 mW/cm2, CPS Suntest System, Atlas GmbH, Hanau, Allemagne) avec une 

émission entre 320 et 800 nm. 

Nous avons également utilisé des souches mutantes de bactérie E. Coli génétiquement 

modifiées déficientes en porines OmpF et OmpC. Cette approche a permis de comparer la 

cinétique d'inactivation bactérienne induite par : (i) le contact des bactéries avec la surface des 

films déposés et (ii) les ions capables de pénétrer à l'intérieur des cellules de bactéries. Enfin, 

les essais de piégeage réalisés par le diméthylsulfoxyde (DMSO, 2 mM), la super 

oxydedismutase (SOD, 2 mM) et le sel disodique de l'acide éthylène tétraacétique (EDTA-2Na, 

2 mM) ont été utilisés pour détecter/identifier le •OH, O2
-et vb (h+) générés en solution lors du 

processus d'inactivation bactérienne. 
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Chapitre III. Préparation et caractérisation de l'acier inoxydable 316L projeté à froid 

Les paramètres du procédé de cold spray, simulés par le modèle unidimensionnel, ont 

montré que : 

 La vitesse des particules diminue avec l'augmentation de sa taille. Les particules les plus 

fines sont plus chauffées au col, mais elles se refroidissent plus rapidement dans la partie 

divergente de la tuyère. 

 La température maximale est atteinte au col et la vitesse maximale est au point d'impact. 

 La vitesse d’He (2200 m/s) est deux fois plus élevée de celle de N2 (1000 m/s). 

Les résultats obtenus par la simulation de jet à froid, nous ont permis d’identifier les 

principaux paramètres idéaux à utiliser pour l’élaboration des acier. Dans ce chapitre, nous 

présentons les revêtements en acier inoxydable austénitique 316L déposés sur des substrats en 

aluminium par jet à froid (Cold Spray) sous gaz He et N2. 

La Fig. III. 1 présente les spectres DRX des revêtements d’acier inoxydable 316L projetés 

à froid en utilisant d'azote et d'hélium comme des gazes propulseurs. On constate que seule la 

phase austénitique (γ) a été détectée présentant une structure cfc. Nous avons remarqué que le 

revêtement 316L déposé avec He était plus dense avec une teneur en oxygène plus faible et une 

surface plus lisse et homogène par rapport à celui déposé avec N2[24]. D'autre part, les mesures 

de porosité confirment que le revêtement 316L projeté avec He présentait une valeur inférieure 

à (0,5 ± 0,01 %) par rapport à celui projeté avec N2 (1,06 ± 0,03 %), ce qui est dû à la grande 

vitesse d'impact des particules associées à une grande déformation plastique résultant un 

revêtement plus dense. 
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Fig. III.1. Diffractogrammes DRX des revêtements 316L réalisés par cold spray en utilisant He et 

N2(a), et images MEB de morphologie de surface des revêtements projetés par : N2 (b, d) et He (c, e).  

Le revêtement 316L déposé avec He avait une dureté et un module d'élasticité plus élevés 

(7,5± 0.5 et 164 ± 10) GPa en comparaison avec celui de N2(6.8 ± 0.5 et 152 ± 10) GPa(Fig. 

III.2). Ceci est lié à l'effet d'écrouissage pendant le processus de dépôt avec une vitesse de 

particules plus élevée en utilisant de l'hélium, comme rapporté par Mangour et al. [25]. 

 

Fig. III. 2. Dureté et module de Young des revêtements 316L projetés à froid avec He et N2. 

Les taux d'usure des revêtements et des billes ont augmenté avec la charge appliquée de 

2 à 5 N (Fig. III. 3). Avec une charge appliquée plus élevée (5N), la profondeur de pénétration 

de la bille 100C6 est de l’ordre de (22,5 et 15) µm pour les revêtements projetés avec d'azote et 

d'hélium, respectivement. Les coefficients de frottement sont de (0,65 - 0,70) pour l’acier 316L 

projeté avec He et (0,69 - 0,73) pour l’acier projeté avec N2 mesurés sous charge appliquée de 

2N et 5N, respectivement. L'augmentation du taux d'usure a conduit à l’augmentation du 
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coefficient de frottement du revêtement, mais comparativement il est plus faible pour le 

revêtement 316L projeté avec l'hélium, pour les deux charges, grâce à sa densité et surface dure 

[26]. 

 

Fig. III. 3. Coefficients de frottement et taux d'usure des revêtements d’acier inoxydable 316L et des 

billes testés sous différentes charges (2 et 5 N). 

Les traces d'usure des revêtements de 316L projetés avec He et N2 (Fig. III. 4)  présentent 

un mélange de débris d'usure et de déformation plastique avec l'apparition de nombreux types 

de défauts de surface tels que des micro-piqûres, délaminage, et des sillons qui sont plus 

apparents sur la surface de revêtement testé à 5 N. De plus, l'existence d'oxygène a entraîné une 

augmentation du taux d'oxydation de surface et la formation d'oxydes de fer [27]. Les taux 

d’usure des surfaces de contact des billes 100C6 ont été augmentés avec l'augmentation de la 

charge appliquée due à l'augmentation de la température entre la bille et le revêtement 316L 

[28]. 

D’autre part, les résultats des tests de corrosion, réalisés dans une solution de 3,5% 

massique de NaCl, sont présentés dans la Fig. III. 5. L'acier inoxydable 316L/N2 projeté à froid 

(avec l’azote) a un potentiel de (-170 mV) et une densité de courant de corrosion de (1,20 

µA.cm-2). Le potentiel de corrosion et la densité de courant du l’acier 316L déposé avec He 

sont clairement améliorés pour atteindre de meilleures valeurs de (-157 mV et 0,74 µA.cm-2, 

respectivement) correspond à la meilleure résistance à la corrosion (15.67 to 21.66) KΩ.cm2. 

Les courbes de polarisation montrent la formation des régions de transition passive sur les deux 

échantillons testés, ce qui indique que l’acier 316L projeté à froid présente un comportement 

de passivation spontanée.  

Mangour et al [13]. 
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Fig. III. 4. Images MEB et composition chimique des traces d'usure sur les revêtements 316L projetés 

à froid avec He(a,b,) et N2 (e, f,). (c, d, g, h) présent les surfaces usées sur les billes 100C6 après 50 m 

de glissement. 

 

Fig. III. 5. Courbes de polarisation du 316L projeté à froid avec He et N2 dans une solution de 3,5 % 

massique de NaCl. 

      La Fig. III. 5 montre que le potentiel de piqûration de 316L/He Epit = 413 mV 

correspondant à une plus grande région de passivation ∆E (393 mV). Ces valeurs sont bien 

meilleures que celles de 316L/N2 (Epit = 146 mV, ∆E = 195 mV). En fait, la faible oxydation, 

la surface dense avec une faible rugosité contribuent à l'optimisation de la bonne résistance à la 

corrosion [29]. 
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Chapitre IV. Élaboration et caractérisation des couches minces de TiN(Al,Mo) déposées 

par pulvérisation magnétron 

Pour les films TiAlMoN, nous avons remarqué la présence de deux phases TiN et Mo2N et le 

changement d'intensité des pics DRX (200) et (111) avec la variation de la quantité de Mo dans 

les films (Fig. IV. 1.a). On peut constater l'évolution du coefficient de texture : augmentation 

de I(111)/[I(111) +I(200)] et diminution de I(200)/[I(111)+I(200)] (Fig. IV.1.b). En fait, 

l’incorporation par substitution de Mo avec un grand rayon atomique (1,41 Å) dans la maille 

TiAlN provoquant une distorsion de la maille cristalline et un changement de ces paramètres 

(Fig. IV.1.b) [30]. L'augmentation de la teneur en Mo a conduit aussi à la diminution de la taille 

des cristallites à 38 nm (avec 16.09 at. % Mo, Fig. IV. 1.c). 

 

Fig. IV. 1.(a) Spectres DRX, (b) coefficients de texture et microdéformation, (c) paramètre de maille 

et taille des cristallites des revêtements Ti(Al,Mo)N.  

 

 

 

 

a 
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Les revêtements TiN et TiAlN ont présenté une structure colonnaire avec une certaine 

porosité entre les grains globulaires. L’augmentation de la teneur en Mo dans le revêtement 

(16,09 at. % de Mo) a conduit à une amélioration de la qualité de surface : film plus dense avec 

une surface lisse et homogène correspondant à la zone T selon le modèle ASZM [31] (Fig. IV. 

2). Ceci est dû à la mobilité des adatomes l’apparition de l’orientation préférentielle (111) 

conduisant à la densification de la structure. Avec une teneur élevée en Mo (26,14 at. %), la 

structure de  revêtement TiAlMoN deviens colonnaire [31]. 

 

Fig. IV. 2. Images MEB de surface et coupe transversale des revêtements Ti(Al, Mo)N. 

Les images TEM du revêtement TiAlN-(16,09 at.% de Mo) ont montré une structure 

mixte de grains denses et colonnaires (Fig. IV.3). Nous avons remarqué deux zones différentes 

: la zone (I) présentant une structure dense avec deux orientations (111) et (200) de la phase 

cubique (TiN), et la zone (II) riche en Mo correspondant à la phase Mo2N avec une orientation 

préférentielle (111).  

 

 

Fig. IV.5. Surface and cross-s 
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Fig. IV. 3. Images de: a) BFTEM et b) HRTEM et SAED de film TiAlN-(16.09 at.% Mo). 

La Fig. IV.4 présente les valeurs moyennes des angles de contact entre les films et les 

gouttes d'eau. Les valeurs mesurées étaient de 65,4°, 73,5°, 91,4°, 94,4°, 104,4° et 100,2° pour 

les revêtements TiN, TiAlN et TiAlMoN contenant 3,91, 11,18, 16,09 et 26,14 at. % de Mo, 

respectivement. Le revêtement TiAlMoN contenant 16,09 at. % Mo montre un angle de contact 

plus élevé correspondant à sa faible mouillabilité et sa grande hydrophobicité par rapport aux 

autres revêtements. Nous pouvons également remarquer que l'énergie de surface totale diminue 

avec l'augmentation de la teneur en Mo et la valeur la plus faible de 32,22 mN/m a été obtenue 

pour le film mentionné. Dans notre étude, nous avons trouvé que la rugosité de surface a eu un 

impact direct sur l'angle de contact et l'énergie de surface. D’autres facteurs affectant l'énergie 

de surface ont été mentionnés tels que l'orientation préférentielle (111) qui entraîne une énergie 

de surface inférieure à celle de l'orientation (200) ce qui est cohérent avec d’autres études [32]. 

 

Fig. IV. 4. Angle de contact et énergie de surface totale des revêtements Ti(Al, Mo)N. 

 

 

Fig. IV.6. a) BFTEM image, b) HRTEM and SAED images of TiAlN(16.09 at.% Mo) film. 
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Fig. IV.5 présente les propriétés mécaniques des revêtements Ti(Al, Mo)N. Nous 

pouvons remarquer que les valeurs de dureté des revêtements TiN et TiAlN étaient 

respectivement de 20,05 et 21,4 GPa. Avec l'augmentation de la teneur en Mo de 3,91 à 26,14 

at. %, une augmentation progressive des valeurs de la dureté et du module de Young a été 

observée, respectivement de (23,40, 278,5) à (29,50, 334,50) GPa. Cela est dû à l'effet de 

renforcement avec la présence de la phase Mo2N, l'affinement du grain et les contraintes 

résiduelles en compression [24]. De plus, la dureté élevée des films TiAlMoN est également 

due au plan dense de TiN(111) [33]. 

Les rapports H/E et H3/E2 généralement liés respectivement à l'indice de plasticité et à la 

résistance à la déformation plastique qui donnent une bonne prédiction sur le comportement 

tribologique des revêtements [34]. Les valeurs maximales d’H/E et H3/E2 de 0,092 et 0,237 

respectivement ont été obtenues pour le film contenant 16,09 at. % de Mo qui devrait présenter 

la meilleure résistance à l'usure. 

 

Fig. IV. 5. Dureté, module de Young et rapport H/E des revêtements Ti(Al, Mo)N. 

Les revêtements TiN et TiAlN ont présenté des coefficients de frottement(COF) et taux 

d’usure élevés en raison de leur faible dureté et l'intensité de TiN (200) qui est relativement 

supérieure à celle de TiN (111). Avec l'augmentation de la teneur en Mo, le COF a diminué à 

0,3 et le taux d’usure devient plus faible (0,849×10-6 mm3/Nm) pour le film contenant 16,09 at. 

% Mo. Ce taux d’usure a légèrement augmenté pour le film contenant 26,14 at.% de Mo. Ces 

résultats indiquent que la performance tribologique du film TiAlMoN s’est considérablement 

améliorée avec l'incorporation de Mo et la formation d’une solution solide très dure et des 
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phases mixtes (Figs. IV.1.a et IV.3). De plus, le faible COF peut être attribué à la structure 

dense et la formation des oxydes de molybdène qui servent comme un milieu lubrifiant entre 

les deux surfaces en contact [35]. 

 

 

Fig. IV. 6. Taux d'usure des revêtements Ti(Al, Mo)N et des billes d'acier 100C6 testés sous charges : a) 2N et 

b) 5N. 

 La fig. IV.7 présente l’analyse Raman et les images MEB des traces d’usure sur les 

revêtements TiAlN et TiAl(16,09 at.% Mo)N. Nous remarquons que la trace d'usure du film 

TiAlN présente des multiples signes d'usure et des rayures proéminentes. En revanche, le film 

TiAl(16,09 at.% Mo)N présente des traces d'usure plus étroites. L’analyse Raman de TiAlN 

montre un caractère de liaison métallique distinct de TiN (458,7 cm-1) avec une petite quantité 

de TiO2 (532,1 cm-1). Les revêtements TiAl(16,09 at. %Mo)N testés sous 2N et 5N montrent, 
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en plus de TiN et Mo2N, la formation de la phase lubrifiante d’oxyde MoO3 (pics à 186,1, 640,1 

et 789,2 cm-1). 

 

Fig. IV. 7. Analyse Raman etimages MEB des traces d’usure apparues en appliquant a) 2N et b) 5N 

sur les revêtements TiAlN (c,e) etTiAl(16,09 at.% Mo)N (d,f). 

La Fig. IV.8 présente les courbes de polarisation de l'acier inoxydable 316L et les 

revêtements TiAlMoN. Nous constatons que l’acier 316L a une résistance à la corrosion la plus 

basse avec un potentiel plus bas de -157 mV et une densité de courant de corrosion plus élevée 

(741,31 nA.cm-2). Avec l'augmentation de la teneur en Mo dans le revêtement TiAlMoN, le 

potentiel de corrosion et la densité de courant progressivement améliorent pour atteindre de 

meilleures valeurs de -16 mV et 1,41 nA.cm-2 (pour le film contenant 16,09 at.% Mo) offrant 

la résistance de polarisation la plus élevée Rp de 78,73 × 102 (KΩ.cm2). 

Les courbes de polarisation indiquent que la région de transition passive a été observée 

pour tous les échantillons testés, suggérant que l’acier 316L et les dépôts ont été spontanément 

passivés dans la solution de NaCl. La valeur maximale de potentiel de piqûration Epit= 1268 

mV obtenue pour le film contenant 16,09 at.% Mo correspond à la plus grande région de 

passivation (∆E = 949 mV) avec des petites piqûres indiquant le meilleur comportement 

anticorrosion. Cela peut s'expliquer par la faible sensibilité à la corrosion par piqûres avec la 

formation de phase Mo2N qui a un meilleur potentiel d'auto-corrosion dans l'eau salé (solution 
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à 3,5% massique de NaCl) [36]. D'autre part, la structure dense, la faible rugosité de surface et 

la faible mouillabilité peuvent contribuer à l'amélioration de la résistance à la corrosion. 

 

Fig. IV. 8. Courbes de polarisation de l'acier inoxydable 316L et lesrevêtements Ti(Al, Mo)N.  

Chapitre V : Élaboration et caractérisation de couches minces innovantes TiMoON et 

TiMoON-Ag pour des applications biomédicales 

Dans ce chapitre, nous présentons un nouveau revêtement développé à base de TiMoON 

dopé en Ag. Le Tableau V.1 présente la composition chimique de ces films avant et après recuit 

à 400 °C. L’analyse des spectres DRX (Fig. V.1) suggère la formation des phases mixtes TiON 

et Ag. Cependant, il est difficile de détecter des phases à base de Mo à cause de sa faible teneur 

dans les films et le chevauchement entre les pics de TiN et MoN qui peut entraver l'apparition 

des pics de phases à base de Mo. Les pics de diffraction de TiON sont déplacés vers des angles 

plus élevés en raison de la substitution de Ti par des atomes d'Ag. Le paramètre de maille et la 

taille des cristallites du cc-TiON ont diminué avec une augmentation concomitante de l’Ag 

jusqu’à 7,4 at.% en raison de l'incorporation d'Ag dans la structure de TiON. Le recuit des films 

TiMoON-Ag à 400°C a conduit à un chevauchement des pics d'Ag et TiON avec une orientation 

préférentielle (111) TiON. Ceci suggère qu'une partie de l’argent a été partiellement incorporée 

dans le réseau de TiON et aucune phase de molybdène n'a été identifiée par DRX. 
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Tableau. V .1. Composition chimique des films TiMoON-Ag déterminée par EDS et WDS. 

 

 

Fig. V.1.Spectres DRX acquis en mode d'incidence rasante pour les films TiMoON-Ag déposés avec 

différentes teneurs en Ag : a) avant et b) après recuit à 400 °C. 

Le film TiMoON a présenté une structure pyramidale uniforme avec peu de pores et de 

défauts (Fig. V.2). Avec l'augmentation de la teneur d’Ag dans le film, la morphologie du film 

TiMoON-Ag est devenaient plus dense avec l’apparition des particules sphériques blanches de 

granules d'Ag sur la surface du film. Après recuit à 400 °C, les particules d'Ag sont devenues 

plus gros (Fig.V.2). La même morphologie a été observée par Pedrosa et al. [37] dans son étude 

sur les films à base de TiN dopés en Ag. 

Composition chimique(at. %) 

Revêtement  Avant traitement thermique Après traitement thermique à 400 °C 

Ti N O Mo Ag N-O/Me Ti N O Mo Ag N-O/Me 

TiMoNO 44.2 29 18 8.8 - 0.88 44 29.2 18.2 8.6 - 0.88 

TiMoNO-(3 at. %Ag) 41.6 28.7 18.3 8.3 3 0.89 41.6 28.7 18.2 8.5 3 0.88 

TiMoNO-(5.3 at. %Ag) 39.4 28.6 19.37 7.27 5.3 0.92 38.4 28.3 19.4 7.1 6.72 0.91 

TiMoNO-(7.4 at. %Ag) 36.6 28.4 21.4 6 7.4 1.0 37.2 28.3 20.4 6.0 8.1 0.95 

TiMoNO-(9 at. %Ag) 35.2 27.5 22.4 5.8 9 1.01 37.5 27.2 18.4 6.4 10.4 0.97 

TiMoNO-(13 at. %Ag) 31.7 27.2 22.8 5.3 13 1.0 31.5 26.4 22.5 5 14.6 0.96 
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La Fig.V.3 présente des images MET de la coupe transversale du film TiMoON-(7,4 at. 

% Ag) avant et après recuit à 400 °C. Nous avons observé des nanoparticules agglomérés d'Ag 

de 40 nm de diamètre répartis dans le film recuit à 400 °C. Des taches en forme de nanotubes 

ont été observées sur la surface du film. La taille des particules de TiMoON pur est de l'ordre 

de 24-28 nm obtenues par l'équation de Scherrer (Tableau V.1). 

 

Fig. V.2.Images MEB de la surface de TiMoON(a, c) etTiMoON-(7.4 at. %Ag) (b,d)avant etaprès recuit 

à 400 °C, respectivement. 

 

Fig. V.3.Images MET de la coupe transversale du film TiMoON-(7,4 at. % Ag) : a) avant et b) après 

recuit à 400 °C. 

La Fig. V.4 présente la variation d’angle de contact en fonction du temps des films 

TiMoON-Ag. Nous constatons que la mouillabilité est plus élevée dans le cas des films non 

recuits (Fig. V.4a). L'augmentation de la teneur en Ag à 7,4 at.% a augmenté l'angle de contact 

de 98° à 121°. Les films représentant des angles de contact plus élevés montrent des propriétés 

antimicrobiennes/rugosité de surface accrues [38]. Cet angle a diminué à 115° et 108° pour les 

on de Scherrer est d'environ 75 nm (Tableau.V.1)). 

 

 

Fig. V.2. Image MEB de la surface de : TiMoON(a, c) et TiMoON-(7.4 at. %Ag) (b,d) avant et, 

après recuit à 400 °C. 
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films avec une teneur d'Ag de 9 et 13 at.%. Les films contenant d'Ag sont principalement 

hydrophobes et rugueuse, ce qui était observé précédemment par Calderon et al. [39]. 

 

Fig. V.4.Angles de contact en fonction du temps mesurés sur les films TiMoON-Ag (a)avant et (b) 

après traitement thermique. 

D’après la Fig. V.5, l’addition d'Ag aux films de TiOMoN a conduit à l’accélération de 

la cinétique d'inactivation bactérienne sur les revêtements de TiOMoN-Ag avec 5,3 et 7,4 at. 

%d’Ag. Ces deux films présentent des tailles de cristallites de (21-28) nm et des rugosités RMS 

de (20,1 nm et 19,0 nm), respectivement. Une rugosité de surface élevée signifie que la surface 

de film présente une densité de pic élevée permettant d'interagir avec les bactéries [40]. 

 

 

 

 

 

 

Fig. V.5.Inactivation bactérienne sur les 

revêtements TiOMoN-(Ag) sous lumière solaire simulée (50 mW/cm2, 320–800 nm). 

La Fig. V.6 montre que l'inactivation bactérienne a pris 90 minutes pour E. coli normal 

et 150 minutes pour E. coli modifié génétiquement. Cela suggère que le mécanisme de 
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l’inactivation est extracellulaire dans les étapes initiales puis suivi d'un processus intracellulaire 

en deuxième étape. Dans le processus ultérieur, les endommagements de l'enveloppe cellulaire 

étaient dus au changement du pH local, à la dénaturation des groupes fonctionnels cellulaires, 

la taille des cellules et aux changements du potentiel cellulaire de surface. 

La figure V.6b montre quel ‘inactivation bactérienne photocatalytique a été supprimée 

par l'ajout de diméthylsulfoxyde (DMSO) et de sel disodique de l'acide éthylène tétraacétique 

(EDTA-2Na). Les espèces •OH et h+ interviennent conjointement et entraînent l'inactivation 

bactérienne. La SOD (capteur d'O2
•-) inhibe l'inactivation bactérienne à un faible degré par 

rapport à vb(h+) et le radical •OH-. Des résultats similaires ont été constatés par Karbasi et 

al.[41]. 

 

Fig. V.6.a) Inactivation bactérienne d'E. Coli normaux et sans porines sur le film TiMoON (7,4 at. 

%Ag), et b)la contribution des espèces réactives de l'oxygène (ROS) sur son comportement. 

Les spectres d'absorption UV-Vis et les courbes de Tauc des films TiMoON et TiMoON-

(7,4 at. %Ag) sont présentés dans la Fig.V.7. Les spectres de TiOMoN montrent une forte 

absorption dans le cas < 400 nm et avec une faible absorption dans le domaine visible. Le 

dopage par 7,4 at. %d’Aga conduit à la formation d'Ag2O qui entraine un décalage vers le 

visible. La bande interdite d'énergie (Eg) a été évaluée à partir du spectre d'absorption enregistré 

en utilisant l'équation de Tauc. La valeur de l’Eg du film TiOMoN passe de 2,88 eV à 2,11 eV 

après dopage de 7,4 at. % Ag, de sorte que le transfert de charges devient facile entre les oxydes 

TiO2, MoO3 et Ag2O sous irradiation lumineuse solaire simulée, ce qui est également bénéfique 

pour leurs performances photocatalytiques. 

La Fig. V.6.a montré que l'inactivation bactérienne a pris 90 minutes pour E. coli normal et 

150 minutes pour E. coli modifie génétiquement suggérant que le mécanisme de l’inactivation 

est extracellulaire dans les étapes initiales pour suivi d'un processus intracellulaire de 

deuxième étape .Dans le processus ultérieur, les dommages à l'enveloppe cellulaire étaient dus 

au changement du pH local, à la dénaturation des groupes fonctionnels cellulaires, à la taille et 

à la forme des cellules et aux changements du potentiel cellulaire de surface. 
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Fig. V.7.a) Spectres d'absorption optique et b) Courbes de Tauc des films TiMoON et TiMoON-(7,4 

at. %Ag). 

La Fig. V.8 présente une illustration schématique simplifiée de l'intervention du film 

TiOMoN-Ag sur l'inactivation bactérienne. On propose que les électrons se déplacent de l'Ag2O 

vers l'hétérojonction TiO2/MoO3. Ces électrons de TiO2/MoO3/Ag2O peuvent être piégés par 

O2 pour donner O2
•−et •OH lorsqu'ils interviennent dans le processus d'inactivation bactérienne. 

 

Fig. V.8. Mécanisme suggéré de l'inactivation/mort des bactéries sous lumière solaire. 
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Conclusion générale 

L'objectif principal de cette thèse est d'étudier et d'améliorer les propriétés tribo-mécaniques, le 

comportement anticorrosion et la performance antibactérienne de l’acier inoxydable 316L 

projeté à froid suivi d'un traitement de surface par dépôt de nouveaux revêtements à base de 

nitrure de titane par PVD dans un mélange gazeux (Ar, N2 et O2). 

L’étude numérique et expérimentale de l’acier inoxydable 316L projeté à froid montre 

que: 

 Le modèle unidimensionnel a révélé que l'augmentation de la température du gaz porteur 

avec des particules fines de petite taille entraînaient une vitesse de particule plus grande. 

 L’acier 316L projeté à froid avec He (une vitesse de particules élevée) a présenté un 

revêtement dense et lisse, conduisant à une bonne dureté et une performance tribologique 

améliorée avec une meilleure résistance à la corrosion. 

L’état de l’art que nous avons réalisé nous a permis de sélectionner les revêtements de 

TiN, TiAlN, TiAlMoN, TiMoON et TiMoAgON comme objets de l’étude. Les résultats de cette 

étude montrent que : 

 L’addition de Mo au système TiAlN conduit à une réelle amélioration des propriétés 

structurales et morphologiques. En effet, les couches colonnaires denses deviennent mieux 

cristallisées avec la formation des phases TiNet Mo2N. 

 Les films de TiAlMoN ont présenté des contraintes résiduelles en compression et un 

comportement hydrophobique (un angle de contact élevé supérieur à 90°et une faible 

énergie de surface).Le film Ti33Al3N47Mo16 a montré des valeurs élevées de dureté et 

module d’Young (27.9 et 302.7 GPa), respectivement. 

 Ainsi, nous avons alors démontré que l’addition du Mo au film TiAlN améliore 

leur résistance au frottement à sec contre de l’acier 100Cr6. Le taux d'usure du 

film contenant 16,09 at.% de Mo a été réduit à 1,534×10-6 et 0,849×10-6 mm3/Nm 

sous charges appliquées de 2N et 5N, respectivement. L'amélioration de la 

résistance à l'usure est due à la surface lisse, au rapport H/E élevé et à la formation 

des phases lubrifiantes TiO2 et α-MoO3. 
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 La résistance à la corrosion de l’acier 316L projeté à froid a été améliorée par des films 

protecteurs déposés et le meilleur comportement anticorrosion a été trouvé pour le film 

contenant 16,09 at.% de Mo. 

De nouveaux revêtements innovants TiMoON-(Ag) avec différentes teneurs en Ag ont été 

déposés sur des verres par pulvérisation magnétron. Les propriétés physicochimiques et 

biomédicales ont été évaluées.  

 Avec l'augmentation de la teneur en Ag, la morphologie des revêtements TiMoON-Ag 

devient plus dense avec une granulométrie très fine et l'apparition des particules sphériques 

blanches est due à la précipitation d'Ag sur la surface du film. Les films denses et rugueux 

ont été distingués par une distribution hétérogène de nanoparticules d'Ag. 

 Le caractère hydrophobe du TiMoON s’est amélioré avec l'augmentation de la teneur en 

Ag. Les valeurs les plus élevées de 121° et 127°ont été trouvées pour le film contenant 7,4 

at.% d’Ag avant et après recuit, respectivement. 

 Un mécanisme antibactérien extracellulaire est suggéré dans les étapes initiales pour E. coli 

sans porine, suivi d'un processus intracellulaire en deuxième étape. 

 L'identification des ROS en solution a montré que les radicaux hydroxyles jouent un rôle 

principal dans la dégradation bactérienne et que l'hydrophobicité des films augmente avec 

la teneur en Ag conduisant à une accélération du processus d'inactivation bactérienne. 

 L'inactivation bactérienne la plus rapide (90 min) a été obtenue sur le film TiOMoN-(7,4 

at.% d’Ag). Le développement de ce nouveau revêtement présente un potentiel tres 

important dans le domaine de désinfection des surfaces et pour les applications 

biomédicales. 
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Appendix C  

 

Abstract 

 

Wear and corrosion resistance of titanium based coatings deposited on cold 

spray 316l stainless steel 

Abstract 

In this work a duplex treatment was developed in two steps. The first part was based on 

the elaboration and characterization of stainless steel 316L performed by cold spray. The second 

step was devoted to the application and characterization of TiN-based thin films. TiAlN, 

TiAlMoN and TiMoONAg films were deposited by magnetron sputtering and the effects of 

different deposition parameters on the microstructure and coating properties were evaluated. 

The objective of this work was to develop a new generation of optimized titanium-based 

coatings that can be proposed with improved tribo-mechanical properties, electrochemical 

behavior and antibacterial performance. The results obtained showed a great potential of hybrid 

process (Cold spray and Magnetron sputtering) to enhance the product properties. The stainless 

steel 316L cold-sprayed and then coated with TiAl(16.09 at.% Mo)N film presented the best 

tribo-mechanical behavior and corrosion resistance. It can be qualified as a good surface 

protection coating for different industrial applications.  

The TiOMoN (7.4 at. % Ag) thin film had the best bacterial inactivation, which presents 

an advancement for surface disinfection showing agreat potential in the biomedical field. 

Keywords: Thin films, Surface preparation, Titanium, Stainless steel, Friction, Mechanical 

wear, Corrosion, Bacteria. 
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Résumé 

Tenue à l'usure et à la corrosion des revêtements à base de titane déposés 

sur des acier inoxydable 316L  

Résumé  

Dans ce travail nous avons réalisé un traitement duplex qui s'articule en deux étapes à 

savoir une première partie ; la réalisation et la caractérisation de l'acier inoxydable 316L élaboré 

par jet froid puis l’application et la caractérisation des couches minces à base de TiN. TiAlN, 

TiAlMoN et TiMoONAg ont été déposées par pulvérisation magnétron et les effets de différents 

paramètres de dépôt sur la microstructure et les propriétés du revêtement ont été évalués. 

L'objectif de ce travail est de développer une nouvelle génération de revêtements 

optimisés à base de titane qui peuvent être proposés avec des bonnes propriétés tribo-

mécaniques et électrochimique, et de performance antibactérienne améliorée. Les résultats 

obtenus ont montré un grand potentiel du procédé hybride (jet froid et pulvérisation magnétron) 

pour améliorer les propriétés d’un produit. L'acier inoxydable 316L pulvérisé à froid puis 

recouvert d'un film de TiAl (16,09 at.% Mo)N a présenté le meilleur comportement tribo-

mécanique et anticorrosion. Il pourrait être qualifié comme un bon revêtement de protection de 

surface pour différentes applications industrielles. 

Le revêtement TiOMoN (7,4 at. % Ag) a montré le meilleur comportement 

antibactérien, ce qui présente un avancé dans la désinfection des surfaces et présente un 

potentiel dans le domaine biomédical. 

Mots clés : Couche minces, Traitements de surface, Titane, Acier inoxydable, Frottement, 

Usure (mécanique), Corrosion, Bactéries. 
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 ملخص

316L للصدأ مقاومة التآكل للطلاءات التي أساسها التيتانيوم المترسبة على الفولاذ المقاوم   

 ملخص

 وقياس خصائصبداية قمنا بتصنيع ; خصائص السطوح على مرحلتينفي هذا العمل قمنا بتطوير مواد جديدة من اجل تحسين 

طلاء هذا الفولاذ بمواد مبتكرة جديدة بتقنية الرش المغناطيسي بالاستناد على نتريدات  الثانية تم المرحلةفي و 316Lالفولاذ   

 .الطلاءاتالمعاملات المختلفة على بنية وخواص هده  تأثيردراسة  جديدة ثمبترسيب طلاءات  والألمنيوم قمناالتيتانيوم 

ميكانيكية  وذات خواصالهدف من الدراسة هو تطوير جيل جديد من الطلاءات التي أساسها التيتانيوم مضادة للبكتيريا  إن

  .محسنة وكهر وكيميائية

ارد الرش المغناطيسي( من اجل تحسين الرش البالمزدوجة )النتائج التي تم الحصول عليها أهمية استخدام التقنية  أظهرت

كان الأفضل من حيث السلوك  الميكانيكي و  مقاومة   TiAl (16.09 at.% Mo)Nلقد وجدنا بان الطلاء  ; خصائص المنتج

  . الاحتكاك و التآكل هدا الطلاء يمن استخدامه من اجل حماية المعادن المستخدمة في التطبيقات الصناعية

 للبكتيريا إنالذي تم تطويره في هدا العمل اثبت فعالية كبيرة و سلوكا مميزا مضادا  TiOMoN (7.4 at. % Agالطلاء  إن

 .هدا الطلاء المبتكر يمكن استخدامه للأجهزة و الأدوات المستخدمة في المجال الطبي

 .بكتيريا تآكل، احتكاك، للصدأ، مقاوم فولاذ تيتانيوم، سطحية، معالجة رقيقة، طبقة، طلاء :الكلمات المفتاحية

 

 


