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Abstract 

Due to the continuous evolution of the industry, there has been an increasing demand for cutting tools 

that have properties such as significant hardness, resistance to corrosion, and wear. This has motivated 

the research, development and implementation of coatings that present a combination of good 

mechanical and tribological properties, which increase the performance of these tools. 

For this reason, throughout this work, the effect that monolayer (CrAlSiN) and multilayer (CrAlN) 

coatings have on micromechanical properties has been analyzed and compared. In addition, the effect 

of working with different bilayer thicknesses, and the effect of different types of substrates (Inconel, 

1.2344 steel and WC-Co) have been analyzed. 

Scratch adhesion, monotonic spherical indentation, and microhardness tests were performed. The 

damages obtained after performing each test were evaluated through light microscopy, confocal 

microscopy and SEM. 

It was verified that when using multilayer coatings, an improvement in the micromechanical properties 

is obtained. And in turn, these properties improve with their bilayer thickness. In this way, an increase 

in hardness was obtained that was from 19% to 76% compared to the monolayer coating. In turn, an 

improvement in adhesion was obtained, as well as the contact pressure necessary for the appearance 

of plastic deformation. 

On the other hand, it was demotivated that among the three substrates analyzed, WC-Co is the one 

that presents a better combination of the analyzed properties. In this way, by having a monolayer 

coating on said substrate, even higher results are obtained, than when multilayer coatings are used on 

the steel. 

Lately, thanks to the tribological and mechanical properties of diamond coatings such as carbon (DLC), 

their use in industry has increased. That is why, the knowledge of the factors that control their 

properties and, therefore, the final performance of the coated components in practical tribological 

applications, becomes increasingly important. 

In this work, from the DLC samples analyzed, using the Ramana spectroscopy technique, two different 

structures were identified. Thus, one is known as amorphous carbon and the other is known as 

amorphous tetrahedral carbon. The latter is expected to present a better combination of mechanical 

properties. 
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1. Introduction 

The increasing demand for cutting tools with superior resistance to corrosion and wear has been due 

to the continuous evolution of the manufacturing industry. Thanks to physical vapor deposition (PVD) 

techniques, a variety of hard coatings have been produced in cutting tools in order to increase their 

performance and useful life for decades [1] [2]. 

The coatings most used in cutting tools since the 1980s are TiN and CrN [2]. Even so, they are not 

capable of withstanding hostile environments due to their poor chemical stability, and low hardness at 

high temperatures  [3] [4].One way to improve its chemical stability and hardness at high 

temperatures, is by introducing alloying elements and / or altering the structure of the coating [2]. 

This is why during the last two decades, ternary systems based on TiN and CrN (such as TiSiN, TiCrN, 

CrAlN) and quaternary systems (such as TiAlSiN and CrAlSiN) have been designed. Some of these multi-

component coatings have good oxidation resistance of up to 1000 ° C [2] [3] [5] [6]. Designed in the 

late 1980s, TiAlSiN and CrAlSiN monolayer coatings have high hardness (approximately 40GPa) and 

excellent thermal stability (≥900 ° C) [2]. 
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2. Aims of the project 

The objective of this project is to evaluate the micromechanical properties of hard coatings, and thus 

be able to analyze the influence between the coating and the substrate. For this, we will work with 

different types of coatings and substrates, which are presented below: 

Monolayer coating 

It will work with a monolayer coating, deposited on two types of substrates, which are: WC-Co and 

1.2344 steel. In this way, the influence of the film and the substrate can be evaluated. 

 CrAlN / multilayer CrAlO 

In order to evaluate the influence of multilayer coatings, films with different bilayer thickness (27, 19, 

14 and 8 nm) will be used. In turn, we will work with two different substrates, which are: 1.2344 Steel 

and Inconel. 

DLC Coatings 

Finally, we will see the influence that DLC coatings have on different substrates, which are: Vancrom 

(light steel), Vanadis-4 (tool steel) and K-360 (tool steel). For this, before performing the 

micromechanical characterization, the structure corresponding to each film used must first be 

analyzed, using Raman spectroscopy, to then be able to correlate these results with the expected 

micromechanical properties. 

To achieve the objective mentioned above, some specific objectives are identified. First, the 

microhardness test will be carried out for all the samples analyzed. From the spherical monotonic 

indentation test, the evolution of the damage produced will be analyzed as the applied load is 

increased, and this damage will be visualized using optical microscopy, confocal microscopy, and SEM. 

Then, a scratch test should be performed, with incremental loads. Critical loads will be identified and 

possible damagem will be observed using optical microscopy, confocal microscopy, and SEM. Finally, 

the mechanical and tribological properties of the coatings will be evaluated by means of nano-

indentation and nano-scratch tests, and will subsequently be observed by SEM.
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3. Literature review 

3.1. Cutting tools 

Among the materials that are used for cutting tools are high speed steel (HSS), cemented carbides (also 

called hard metals), cermet and ceramic, and polycrystalline diamond (PCD) [7] [8]. Ceramic materials 

and PCDs have high hardness, but low toughness. Cermet and cemented carbides exhibit intermediate 

hardness and toughness values, while HSS materials have the lowest hardness and higher toughness. 

A factor to take into account in a machining process is temperature. At high values, the instability of 

the composition and structure is promoted, which often leads to the degradation of mechanical 

properties. Also, for cutting tools, it should be noted that structural change is more critical to failure. 

Structural change generally leads to degradation of mechanical properties, which is demonstrated by 

decreased hardness at high temperatures [9]. 

Depending on the properties and availability, each group of materials has different applications. 

Ceramic materials are limited to semi-finishing and finishing machining operations due to low 

toughness [7]. PCD has the highest hardness of al materials, but it is sucpetible to graphitation, specially 

against iron based materials, and therefore, its application is limited to the machining of soft non-

ferrous materials. Cermet with high hardness can be used in high speed cutting [8]. Cemented carbides 

exhibit high hardness and wear resistance at both ambient and high temperatures. But at high 

temperatures, undergo oxidation corrosion [7]. Despite this potential problem, cemented carbides 

have a wide range of applications, and are especially used in turning operations. HSS, compared to 

cemented carbides, has higher toughness but its hardness is lower, especially at high temperatures. 

The main applications of HSS are drilling and milling; however, the cutting speed is limited due to its 

low performance at high temperature [8]. 

 

3.2. Tribology of cuttings tools  

3.2.1. Introduction to tribology 

Tribology is the science and technology that studies surfaces in interaction and in relative motion, and 

is covered by three disciplines: friction, wear and lubrication. Friction is the resistance to movement 

when a solid body moves tangentially on another solid body in contact. The tangential forces are 

required to initiate and maintain relative motion, the static friction force (Fs), and the kinetic friction 

force (Fk). The coefficient of friction (μ) is the relationship between the friction force and the normal 

force (FN), and is also subcategorized in the static friction coefficient [10]. 
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                                                                                    𝜇𝑠=
𝐹𝑠 

𝐹𝑁
                                                                     Equation 1 

and the kinetic friction coefficient  

                                                                                  µ𝐾 =
𝐹𝐾

𝐹𝑁
                                                                   Equation 2 

There are two basic laws of friction to keep in mind: the first state is that the friction force is directly 

proportional to the normal force. While according to the second law: the friction force is independent 

of the apparent area of contact between the bodies in contact. The two laws of friction, have been 

shown to exist under a wide range of conditions. However, there are a notable number of exceptions, 

especially when wear is involved, where changing surface topography, adhesion between opposing 

surfaces, generation of wear debris, deformation of both bodies, and increased contact surface 

temperatures often occur and affect friction [11]. 

Wear can be defined as the loss of material that occurs during relative movement between two solids. 

This causes poor working tolerances, loss of efficiency, and ultimately can lead to premature tool 

failure [12] [13]. The main wear mechanisms can be classified into five groups: adhesive, abrasive, 

oxidative, fatigue and impact [11] [14]. 

• Adhesive wear: From a tribological point of view, all surfaces are rough on an atomic scale and 

when two surfaces come into contact, contact only occurs at the tips of their rough edges [15]. 

Therefore, the actual contact area is much smaller than the apparent contact area. Under 

normal applied load, the contact roughness’s flatten out by plastic deformation and form a 

welded joint (cold weld). When slippage occurs, these joints are cut, and if the joint is stronger 

than the force of either roughness, the joint will break. Therefore, material will transfer to the 

surface of one of the roughness’s. This causes the particle to grow in size and eventually 

separate from the surface and form wear debris, or transfer back to the original surface [14]. 

• Abrasive wear: This occurs when the roughness of a hard surface slides on a softer surface, or 

when hard particles are trapped between two sliding surfaces, causing removal of the material 

on one or both of the contact surfaces. In many cases, the debris that is generated becomes 

trapped at the interface of the coupling pair and causes three-body abrasive wear [16]. If it is 

a ductile material (with high fracture toughness), abrasive wear occurs through plastic 

deformation. This will lead to deep grooves in worn surfaces due to removal and / or 

redistribution of materials. While if the material is brittle, abrasive wear is caused by fracture, 

and therefore, significant cracks can be found on the worn surface [11]. 



Micro-mechanical evaluation of hard coatings 

  11 

• Oxidative wear: In case of dry slip, the temperature of the contact areas is the sum of the 

general surface temperature (TS), and the "hot spot" temperature, which is generated by the 

interactions between roughness, and which is instantaneous. At this temperature, protective 

oxide films can form on the roughness of metal or ceramic surfaces, with low shear resistance, 

and are therefore responsible for reducing the coefficient of friction. These oxide films will 

corrode, and after reaching a critical thickness, will break to form wear traces [17] [18]. 

• Fatigue wear: During repeated sliding, the cyclical loading and unloading to which the contact 

surface is subjected, can initiate and spread cracks at or below the surface, which after a critical 

number of cycles will cause breakdown of the surface. Fatigue wear occurs in the surface 

region and subsoil region during repeated sliding and rolling, respectively. In cases where 

rolling contact is accompanied by slip, the maximum shear stress moves closer to the surface 

due to the friction stress caused by the slip [11]. 

• Impact wear: Impact wear can be classified into erosion and percussion wear, which originate 

from jets and / or streams of particles, drops and implosion of bubbles formed in the fluid.  

Erosive wear can be considered as a form of abrasion, where contact stress arises from the 

kinetic energy of particles when it touches a surface. While percussion wear is a hybrid process 

that involves all the wear mechanisms mentioned above [10]. 

 

3.2.2. Requirements of machine tools to combat wear 

Both friction and wear are system responses rather than intrinsic material properties. From an 

understanding of the basic wear mechanisms that can take place on contact surfaces, some general 

requirements can be established for tools to be wear resistant [19]: 

• Surface hardness: High hardness is generally favorable to combat adhesive wear and abrasive wear. 

•Fracture toughness: To reduce abrasive wear, it is vitally important to gain high fracture resistance, in 

addition to high hardness, which prevents tool fracture. 

•Chemical inertia: To reduce adhesive wear and prevent mutual diffusion of tools and work materials, 

the tool surface must have low metallurgical compatibility with most work materials. Oxidation 

resistance is also crucial for the tool surface, especially for the high-speed cutting process where 

extremely high temperatures can be reached. 

No single material is known yet that can provide all of these properties in combination and is capable 

of meeting all requirements to prevent cutting tool wear [20]. Through the development of surface 
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engineering, surface properties have been studied as a key factor in the tribological performance of 

industrial machinery [44, 45]. Thus, surface engineering involves applying traditional and innovative 

surface technologies to engineering components, and materials to produce a composite material with 

unattainable properties. Therefore, there are two types of treatments that can be performed to 

achieve an optimization of the properties [21] [22]: 

•Surface coating: where a layer of material, which may be completely different from the substrate, is 

deposited on the substrate. Main techniques used in this case are: Physical Vapor Deposition (PVD), 

Chemical Vapor Deposition (CVD), and Thermal Spray. 

•Surface modification: the structure and / or chemical composition of the substrate surface region is 

modified. Some examples of this are: case hardening, short peening, thermal chemical diffusion, and 

ion implantation. 

If proper selection of treatments is made, benefits can be obtained such as a flexible combination of 

substrate and surface properties, and the ability to use substrate at a lower price. Therefore, both, the 

properties of the modified surface and the behavior of the surface-substrate system, must be 

considered during treatment selection. In some cases, several technologies can be combined to 

achieve the best performance [21]. 

 

3.3. Tribological coatings 

Today, most of the materials used for cutting tools are coated with hard tribological coatings with 

different compositions and structures, to achieve a longer tool life and / or improve productivity 

through higher cutting speeds [23]. In order to be used in cutting tools, the coating must have high 

fracture resistance and high ductility to withstand high periodic load changes. In addition, it must retain 

a high hardness and a strong adhesion of the material, to reduce wear and increase the useful life [24]. 

 In most coating applications, the adhesion of the coating to the substrate is of utmost importance. 

Insufficient adhesion of the hard and brittle TiN coating will lead to spalling and thus the life time of 

the component will not be improved by coating. Comparative adhesion testing is carried out utilizing 

particle erosion [27] [28], indentation or, most frequently, scratch testing [29] [30] [31] [32].  Recent in 

situ scratch testing in a scanning electron microscope has revealed that TiN adheres remarkably well 

to HSS substrates [33].  However, it should be noted that substrate, coating and deposition parameters 

will greatly influence the adhesion [34]. 

One way to obtain higher fracture resistance of the coating, is through coatings with a multilayer 

structure. In this way, alternate layers of two or three different compounds are deposited in a given 
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sequence. The numerous interfaces created between individual layers of a multi-layer coating, cause 

a drastic increase in hardness and strength. The fundamental basis for the use of coatings with a limited 

number of individual layers, is to interrupt the growth of the columnar grain and combine different 

materials [25] [26]. 

It has been discovered that multilayer structures have certain advantages over monolayer structures, 

that can be summarized as follows: 1) multilayer coatings can achieve combined or improved 

properties and functions, 2) better adhesion is achieved between the coating and substrate, 3) the 

residual stress of multi-layer coatings can be reduced compared to single-layer coatings [27] [28] [29]. 

The most widely studied multilayer MeN coatings to combat wear are AlTiN coatings [30]. The AlTiN 

coating with a multilayer structure has been shown to last longer in a machining test than the same 

coating with a monolayer structure [31]. Nano-multilayer CrAlSiN coatings have attracted attention 

due to better oxidation than Ti-based multilayer coatings. Mechanical and tribological tests have been 

performed on CrAlSiN nano-multilayer coatings and the results showed better hardness, oxidation 

resistance, wear resistance, and cutting performance [32] [33]. Therefore, a wide variety of coating 

types have been proposed to meet at least some of these requirements. In this way, nanoscale 

multilayer coatings have been developed. This ones, consist of very thin layers, which inhibit the 

propagation of cracks, have low residual stresses, high adhesion, and high microhardness values [34] 

[35]. 

In general, what happens with thin coatings is that most of the impact is transmitted from the coating 

to the substrate, where most of the shear stress grows. On the other hand, its low thickness is the 

reason for its low contribution to the rigidity of the system. To obtain the best performance from a 

coating, its thickness must be optimized. Very fine values imply a short useful life. While if it is too thick, 

the layer will act as a volumetric element, losing its intrinsic role in the composite. For this reason, it is 

established that for a tool, the coating must have a thickness of between 2 µm and 20 µm [36]. 

 

3.3.1. Compositions of hard coating 

Currently, three main tool coatings are used, which are: titanium nitride (TiN), titanium carbonitride 

(TiCN), and titanium aluminum nitride. In addition, there are other coatings such as zirconium nitride 

(ZrN), titanium zirconium nitride (TiZrN), diamond-like carbon (DLC), and metal and carbon films that 

are used for some applications [37]. 

3.3.1.1. Binary coatings 

Titanium carbide (TiC) was deposited in cemented carbide inserts for the first time in 1969 [48], being 

the first hard coating introduced to control friction and wear in industrial machinery. It has excellent 
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adhesion to substrates, high hardness, chemical inertness, and high wear resistance, making it one of 

the most widely accepted coatings in engineering applications [38] [39]. Since the early 1980s, other 

binary coating systems have been developed and marketed, such as HfC, ZrN, Al2O3 and CrN, with CrN 

being the most widely used in cutting tools [40].  

TiN is the most universal tool coating, and has traditionally been tested before all other coatings 

because it is the easiest to apply. In addition, it is a totally dense, very hard coating (approximately 22 

GPa) with a very pleasant golden color. The residual stress in the film, is compressive due to the high 

ion bombardment during its growth. This coating was first used in HSS tools because it could be applied 

below 500 ° C, which is the temperature at which most HSS begins to soften. However, thanks to the 

advantages of this type of coating, in 1985 the first cemented cutting tools inserts coated with PVD TiN 

were introduced for milling applications [41]. TiN coatings are used for tribological engineering 

applications, because they exhibit higher hardness and greater adhesion resistance than CrN when 

deposited on the same steel substrate [42] [43]. However, CrN coatings have, better corrosion 

resistance and better oxidation resistance [40]. 

3.3.1.2. Ternary coatings 

The number of multi-component coating systems explored is growing rapidly, so a wide range of 

elements can be alloyed with TiN and CrN based coatings to achieve combined properties. Some of 

these elements and their respective properties are the following [40] : 

Carbon 

By using the CVD technique for TiCN deposition, titanium is vaporized by an evaporation or sputtering 

process, and two reactive gases (nitrogen and generally methane) are used to combine and form TiCN. 

This coating offers better wear resistance and toughness than TiN in high speed milling applications 

and in the cutting of some abrasive materials, such as cast iron or aluminum-silicon alloys. It is generally 

applied as a multi-layer coating, where TiC is used to bond to the substrate, and this layer is followed 

by multiple layers of TiCN with different ratios of carbon to nitrogen. The outer layer can be TiN or TiCN 

to produce a visually pleasing coating [41]. 

Aluminum 

It has high solubility in materials with NaCl structure, such as fcc-TiN and fcc-CrN, therefore it is used 

to allocate these coatings [44] [45]. The partial substitution of Me in MeN (where Me is a transition 

metal) with Al, causes the solid solution to harden and increases the hardness of the coating by up to 

60% [46]. The formation of an Al2O3-like film, is responsible for protecting Al-containing coatings from 

further oxidation [47]. High temperature hardness is also improved by adding Al to the coating, which 
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is attributed to the breakdown of fcc-MeN and w-AlN into fcc-MeN, and fcc-AlN, which can 

compensate for softening by relaxation of residual stress [48]. 

Aluminum and titanium nitride were first developed and used in Europe [25,26], but its use is now 

spreading worldwide [49]. The substitution of Al by Ti in the structure, raises the oxidation temperature 

of the coating to approximately 700 ºC compared to 500º C by TiN. Like titanium oxide, aluminum oxide 

is heated in air, so that a thin amorphous layer of aluminum oxide forms on the surface of the coating, 

preventing degradation of the coating. In many high-speed turning operations, by incorporating 

aluminum, better properties are obtained than TiN or TiCN due to the protective layer. In addition, it 

works very well in other applications, such as high-speed machining of aluminum and silicon alloys 

where temperature is not the limiting factor [50].  

As the addition of Al improves the mechanical properties and oxidation resistance of TiN coatings, a 

similar effect of Al in CrN coatings could also be expected. CrN is known to be superior to TiN in 

corrosion, wear resistance, friction behavior, and toughness. Therefore, in comparison with TiAlN, 

better tribological properties of CrAlN coatings and their promising applicability in high speed 

machining could be expected. Recently, CrAlN coatings have been reported exhibiting even higher 

oxidation resistance than TiAlN, as both the chromium and aluminum could form protective oxides 

which suppressed oxygen diffusion [51]. The low surface roughness and high density of the coating 

results in higher nucleation density leading to denser coating. The measured microhardness, found to 

be increased with increase in Al content. The minimum and maximum hardness measured were 15,28 

and 18,81 GPa, respectively, which is higher than CrN coatings (13,93 GPa) deposited under similar 

conditions. The wear resistance of all the CrAlN coatings is better than that of pure CrN coating 

deposited under similar conditions, and the wear resistance is improved gradually with the increase of 

aluminum incorporation [52]. 

Silicon 

Silicon, being a lightweight element, is one of the best candidates for coating transition metal nitrides. 

In this way, an increase in hardness can be achieved in transition metal nitride coatings when 

reinforced with Si, as is the case with Ti-Si-N, W-Si-N, and Cr-Si-N  [53]. Two mechanisms can be 

considered to explain the effect of Si hardening in Me-Si-N systems, based on different points of view 

of the solubility of Si in MeN. The first mechanism, adopts the theory of α-Si3N4 phase formation along 

grain boundaries, indicating that the amorphous phase is responsible for grain refinement as well as 

increased hardness. This model is the most widely accepted among super hard coat researchers (H ≥ 

40 GPa). The second mechanism, is based on the hardening of the solid solution, which attributes the 

hardening effect to the replacement of Me atoms by Si atoms in the MeN network [81]. The Si content 

was shown to have a major influence on the hardness of the coatings, and on the oxidation resistance 

of the coatings [54] [55]. 
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3.3.1.3. Quaternary coatings 

There are two ternary systems, which have been widely used in the tool industry: (1) MeAlN system 

and (2) MeSiN system. Due to the high performance of these ternary coatings, quaternary coating 

systems have been developed. In this way, in the late 1990s, the TiAlSiN coating was developed, 

obtaining better mechanical, tribological and oxidation resistance  properties [56] [57] [58]. 

CrAlSiN 

From these coatings, good mechanical properties and high hardness values are obtained. Settineri et 

all. and Rafaja, performed wear tests on CrAlSiN, CrAlN and TiAlSiN coatings with different chemical 

compositions and layer structures. They found, that CrAlSiN coatings exhibit better properties at room 

temperature [59] [60]. Furthermore, these coatings have thermal stability and resistance to oxidation. 

The high temperature stability of CrAlSiN coatings has been evaluated with different chemical 

compositions, and  layer structures [61] [62]. 

3.3.1.4. DLC 

Both diamond, diamond-like carbon (DLC), carbon nitride and cubic boron nitride [CBN] are some of 

the hardest materials known and offer several other outstanding properties, such as high mechanical 

strength, chemical inertness, and very attractive wear and friction properties. Thus, they are 

considered for a wide range of tribological applications, including rolling and sliding, machining, 

mechanical seals, biomedical implants, and microelectromechanical systems (MEMS). In addition to 

their exceptional mechanical and tribological properties, most of these materials offer wide optical 

transparency, high refractive index, broadband, low or negative electronic affinity, transparency to 

light from deep UV rays through visible infrared to far infrared, excellent thermal conductivity, and 

extremely low thermal expansion. Thus, thanks to these exceptional qualities, diamond, DLC and other 

related materials are ideal for numerous industrial applications in addition to tribology [63]. 

Diamond-like carbon (DLC) is a metastable form of amorphous carbon, presenting a mixture of sp3 and 

sp2 bonds, where its properties vary with the sp2 / sp3 ratio [64]. The general term "DLC", describes 

hydrogen-free and hydrogenated metastable amorphous carbon materials prepared by a wide variety 

of PVD and CVD techniques. As proposed by Robertson, the wide range of DLC is conveniently shown 

on a ternary phase diagram (Figure 1) [65]. 

It presents a ternary diagram, where amorphous carbon is understood to be a mixture of the three 

"pure" phases. There, a-C showing the messy graphite structure is in the lower left corner, and the 

hydrocarbon polymers are located next to the hydrogen-abundant region, where the films cannot be 

deposited. The preparation of a-C containing a high sp3 / sp2 ratio is desirable for "diamond" properties. 

Phases with too high a H content, located on the far right of the diagram, cannot form an 
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interconnected network and form gas or liquid molecules. Non-hydrogenated films are classified as 

pulverized amorphous C (dither C) with predominance of sp2 hybridization, or as tetragonal amorphous 

C (ta-C), with predominance of sp3 hybridization of up to 85%. The most common type of DLC, is a-CH 

hydrogenated film, with a moderate sp3 content and a fairly high H content of up to ~ 50%. A slightly 

hydrogenated analog of ta-C, called ta-CH, is also shown  [66]. The structure and composition of the 

films (content of H, fraction of H bound to C, hybridizations of C, nature of the bonds, alloying 

elements), are strongly influenced by the average impact energy of the particles that affect the surface 

of growth, and by the deposition temperature. At low impact energies, the gaseous precursor does not 

decompose sufficiently, and C films are obtained with a predominance of CH2 groups. At intermediate 

impact energies, the H content has decreased enough that the C-C sp3 bond has reached a maximum, 

leading to so-called diamond-like qualities. However, if the impact energies become too high, the 

graphite C structures are generally deposited due to an increased sp2-like disordered bond, at the 

expense of a decreased C-C sp3 bond. Therefore, most of the properties of the film depend on key 

structural parameters that are related to specific deposition conditions and processes. Non-

hydrogenated films generally exhibit higher hardness, Young's modulus, density, thermal stability, 

compression stress, lower refractive index, resistivity, and band gap, compared to hydrogenated films 

[67]. 

 
Figure 1. Ternary “phase diagram” showing the various forms of diamond-like carbon [65]. 

 

Thanks to a wide range of available amorphous carbon cladding architectures and a number of possible 

deposition methods, cladding functionality can be tailored to many demanding functional surface 

applications. Among the properties of these coatings are: high hardness, low friction, electrical 

insulation, anti-corrosion, chemical inertness, optical transparency, biological compatibility, ability to 

selectively absorb photons, softness, and wear resistance. Thanks to these advantages, DLC coatings 
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have been used in many practical applications in all industrial sectors including razors, blades, 

computer hard drives, silicon solar cells, MEMS applications, orthopedic implants, optical lenses, 

cutting tools, and internal combustion engine components [2]. 

The key parameters to define the disordered structure of DLC are the sp3 fraction, the hydrogen 

content and, the grouping of the sp2 phase. The last one, has special relevance in the electronic 

properties of this material. Both nuclear magnetic resonance (NMR) and electron energy loss 

spectroscopy (EELS), are the most common characterization techniques to derive the sp3 fraction [64]. 

To determine the mass density, the X-ray reflectivity (XRR) technique is used. But, the presence of 

hydrogen complicates this analysis, since the CHx groups are joined by sp3 and therefore a decrease in 

the density of the material. Therefore, Raman spectroscopy can be used, which takes advantage of the 

vibrational properties of the DLC network to determine its sp3 fraction. Fourier transform infrared 

spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS), constitute other important tools to 

study the composition (H content) and the binding structure of the DLC [2]. 

There are several C-based materials, which have structures similar to a-CH or ta-C, and which include 

elements such as Si, F, N and various metals [68]. By introducing dopants, a decrease in compressive 

stress is generated, due to fewer interconnections in the random carbonaceous network. Several 

studies, have shown that the specific chemical composition of modified films influences surface energy, 

depending on the nature of the dopant, and can modify various physical properties. This makes some 

doped DLCs better for various applications [69]. 

DLC Film tribology 

 The friction and wear of DLC coatings are affected by the nature of the films, as controlled by the 

deposition process, and the parameters of the material (nature of the substrate), like mechanical 

parameters (contact pressure), cinematic parameters (nature of movement, speed), physical 

parameters (temperature during friction) and chemical parameters (nature of the environment) [68]. 

On a macroscopic scale, the relationships between the nature of films and levels of friction and wear 

rates, can be studied under various test conditions. On a microscopic scale, an approach to 

accommodation modes, can be made in terms of interfacial shear mechanisms, transfer film build-up, 

and friction-induced wear particle formation. Finally, at the nanoscale, it is possible to focus on the 

chemical reactivity of the upper surface in relation to the environment surrounding the contact point, 

and the chemical surface of films deposited under differing conditions [70].  

DLC tribology on a macroscopic scale - friction and wear behavior 

In this case, the coefficient of friction presents values in the range of 0,003 to 0,6. It is possible to 

produce DLC films that can be easily scratched without wear resistance, as well as films with normalized 
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wear rates as low as 10–8 mm3 / N-m. In humid ambient air (typically 20% <relative humidity <60%), 

friction generally ranges from 0,05 to 0,3, with wear rates highly dependent on the nature of the films. 

Hydrogen-free films generally exhibit lower friction (<0,15) unlike a-CH coatings. This is because H plays 

an important role in stabilizing the random covalent network and preventing its collapse in a graphite 

network [71] [72]. 

In contrast, in ta-C films, friction easily causes local graphitization induced by shear on a microscopic 

scale, and a decrease in friction of ta-C films occurs with increasing humidity. This is because the water 

molecules are sandwiched between the graphite layers, and make it easier for them to slide over each 

other. Ultra-low friction is achieved with films containing at least 40% H. By adding silicon to the DLC 

structure, the properties of the film (including a decrease in surface energy and internal stress), and its 

tribological behavior can be modified. Friction reduction compared to conventional DLC is achieved 

without doping in ambient humid air, with high wear resistance. But, this tribological behavior is 

observed when the contact pressure remains below 1 GPa. At higher contact pressure values, 

conventional ta-C and a-CH films cannot be beat. Therefore, ta-CHSi films can be used in applications 

that require low friction (<0.1), and high wear resistance (<10–7 mm3 / Nm) under moderate 

mechanical conditions [70]. 

The incorporation of Si and F in the DLC structure, affects the properties of the surface. Further 

reduction of surface energy is achieved by adding F. It should be noted, that a wide range of 

composition and structures can be achieved with metal-containing DLC coatings. If the sweet spot is 

reached, DLC films containing metals can exhibit promising tribological properties in terms of 

coefficients of friction and wear rates for various applications [73]. 

Tribology of DLC at the Microscopic Scale: Accommodation Modes 

Sliding between films occurs when the DLC film adheres strongly to the contact surfaces, but separates 

into two distinct layers that slide together. From this, a cut resistance is produced, product of the two 

layers sliding against each other. On a microscopic scale, the behavior of ta-C and a-CH is quite similar, 

and DLC films are generally considered to slip according to this mode of accommodation. Taking into 

account that the initial formation of a transfer film is associated with the wear of the initial coated part, 

it should be considered that thanks to this wear, low friction and wear can be guaranteed for long 

periods [70]. It must be taken into account that, since the environment is controlled by the partial 

pressure of pure water vapor (pH2O), it will affect the thickness of the transfer film .This,  will influence 

the level of friction [70]. 
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DLC tribology at the nanometer scale 

The chemical composition of the first layers is of utmost importance to understand the tribo-chemistry 

of DLC coatings. When transfer film build-up is taken into account during the break-in period, steady 

state slip with DLC films is accommodated between the two faces by sliding between films of smooth 

C-coated surfaces [74]. 

In the case of diamond / diamond or graphite / graphite, as well as poorly hydrogenated a-CH films, 

the coefficient of friction of UHV is initially in the range of 0,1 to 0,2. This is provided that, the surface 

sites are saturated by molecules of H, O, or H2O [74] [75]. 

DLC Film applications 

Thanks to the unique properties of DLC films, along with their modifications, and the ability to adjust 

properties by choosing the correct deposition parameters, they make them suitable for various 

applications. Among the most exploited properties so far are: high wear resistance and low coefficients 

of friction, chemical inertia, infrared transparency, high electrical resistivity and, potentially, field 

emission and low dielectric constant. As the DLC is IR transparent, it can be used as a scratch resistant, 

anti-reflective coating, and wear protector for the IR optics (in wavelengths 8-13 μm) from Ge, ZnS and 

ZnSe. Furthermore, thanks to the low deposition temperature of DLC, it can be used as a wear 

protection layer in products made of plastic; as is the case of protection for polycarbonate sunglasses 

lenses from abrasion [76] . 

Also, it is used as protection against wear and corrosion of magnetic storage media. DLC also appears 

to have found it uses in tribological coatings for bearings, gears, and metal seals. Because they are 

chemically inert and impervious to liquids, DLC coatings could protect biomedical implants from 

corrosion and serve as diffusion barriers. Furthermore, it has been found that DLC deposited on 

stainless steel and Ti alloys, which are components of artificial heart valves, can satisfy both mechanical 

and biological requirements, and improve the performance of these components. Thus, it can be used 

as a protective coating for hip joint implants. The most promising application appears to be for 

cathodes on flat screens, based on field emissions or as pixel elements on large outdoor displays [77]. 

 

3.3.2. Deposition of tribological coatings 

Tribological hard coatings can be deposited through two techniques: physical vapor deposition (PVD) 

or chemical vapor deposition (CVD). The application of the CVD process is limited to ceramic substrates, 

due to the high deposition temperatures (up to 1000 ° C). Over the past two decades, PVD coatings 

have been of increasing interest. This is because these coatings can be deposited at low temperatures 

(below 500 ° C), which reduces softening and distortion of tools, and facilitates the use of sharper 
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cutting edges. Furthermore, the residual compressive stress in these coatings can prohibit 

thermomechanical cracking [64] . 

3.3.2.1. Physical vapor deposition (PVD) 

Since 1980, PVD tool coatings have evolved around the industry, so today there are four basic types of 

equipment in use for depositing PVD tool coatings, and they all fall into the broad category of ion 

coating. The main differences are: how the source material is vaporized (by evaporation or sputtering), 

how the plasma is created, and the number and types of ions. These techniques are known as: low-

voltage electron beam evaporation, cathodic arc deposition, high-voltage electron beam evaporation 

triode, and unbalanced magnetron spray [78]. 

All of these PVD hard coating techniques are reactive processes, which means that the metallic species 

is vaporized and a gas is fed into the coating chamber that reacts with the metallic species to form the 

desired compound. Furthermore, they all involve ion-assisted deposition (DIA) of the hard coating. 

Before deposition, all substrates are sputter etched to remove any nascent oxide layers, and heat is 

used to bring the temperature of the substrate to the 450-500 ºC range when using HSS tools [78]. 

The main parts of the deposition system are the tank chamber and the fixing device, which holds the 

parts to be coated and the vacuum pumping system, which removes gases and vapors from the tank 

chamber. The purpose of generating a vacuum is to: reduce the gas pressure sufficiently. Thus, 

vaporized atoms have a long "average free path" and do not nucleate in the vapor to form "soot". 

Furthermore, they also, and also, reduce the level of contamination to the extent that an adherent film 

of the desired chemical composition can be deposited [79]. For its part, the low-voltage electron beam 

evaporation process is very effective in ionizing evaporative reactive gas atoms. Additionally, low 

voltage electron beam deposition is a very consistent process to produce a very hard and smooth TiN, 

which has become the industry standard [10]. 

3.3.2.2. Evaporative deposition of the cathode arc (CAE) 

The cathodic arc is generally started by touching and separating the cathode (target material), with a 

high-voltage auxiliary electrode. Once started, the arc moves around the cathode at random, until it is 

extinguished and then restarts due to inductance in the arc power supply. With arc movement, a 

"cathode point" forms on the cathode surface with a current density of more than 104  A / cm2, causing 

the cathode material to melt and vaporize [80]. The voltage drop near the cathode surface, allows 

ionization of the evaporated atoms. During this process, the substrate is biased to attract positive ions 

[81]. 

Furthermore, the high degree of ionization helps to promote the reaction and to form a completely 

dense and well bonded coating. The problem in this case is that it produces "macroparticles", which 
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are metal droplets, 1 to 15 µmin diameter, ejected from the target surface and embedded in the 

coating. For many tool applications, these macroparticles are not harmful, but it could be when the 

surface finish of the tool is important [81]. Variations of the arc process, such as directed arc or filtered 

arc, have been very successful in reducing the number of macroparticles in the coating, but they reduce 

the deposition rate. Although, the cathode arc process is not the only one that can produce 

macroparticles in coatings. Depending on the processing conditions, the four PVD hard coat processes 

can produce these liquid metal droplets that can become trapped in the growing film. This is because 

electron beam processes can eject liquid metal droplets if too much energy is applied to the source or, 

if the material in the source is impure and has trapped gases. This droplet formation can be avoided 

with electron beam processes, that work within a safe range for evaporation rate and that use pure 

sources of evaporation material. For sputtering, the use of new pulsed or arc-suppression power 

supplies, which prevent charge build-up on the target, will eliminate the arc flash problem [80]. 

All processes use ions to bombard and clean the substrates prior to coating. But the cathodic arc 

process is the only one that does not use argon ions for this cleaning. In this case, the metal ions, many 

of which are multi-charged, are attracted to voltages of approximately - 1000 V to the surface of the 

substrate. In this way, the ions clean the surface by spraying the outer layer of atoms, and furthermore, 

embed themselves on the surface producing a very thin area, 200 to 300 A thick, of intermingled 

substrate and coating materials. This area is beneficial for some coated tools used in stamping and 

punching applications, and is only produced by this technique [80]. 

3.3.2.3. High voltage electron beam evaporation 

This technique can provide a fast deposition rate, but is not very effective at ionizing evaporation atoms 

due to its small ionization cross section in the high voltage electron beam. Electrons injected from a 

hot filament triode source very effectively ionize reactive and evaporative gas atoms. Furthermore, the 

degree of ionization is controlled independently of the other process parameters. The beam process is 

typically 4 mA cm2, and higher substrate ion current densities could be achieved in this triode system, 

but a major limitation is heating of the substrate [80]. 

3.3.2.4. Cathodic spraying with magnetron 

This technique has been used to deposit many different hard coatings. But it has not been successful 

as a commercial tool coating process, because it did not provide a high degree of sputtering in the 

region of the substrate. Although very dense plasma exists next to the target, it is tightly limited to the 

target face, and low ion current densities are collected in the substrate. But when the magnetron 

cathode became unbalanced, they were able to achieve high substrate ion current densities of the 

order of 5 mA cm2. This value is similar to those found in other successful PVD coating processes. This 
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imbalance is achieved when one set of magnets, either internal or external, becomes stronger than the 

other [82] . 

The effect of the unbalanced magnetic field is to trap fast secondary electrons, escaping from the target 

surface. These undergo ionizing collisions with gas atoms far from the target surface, and produce a 

secondary plasma in the substrate region. If a negative bias is placed on the substrate, the ions in this 

secondary plasma attract the substrate and bombard it. This is used to control many of the properties 

of the growth film [83]. 

 

3.4. Sustrates 

3.4.1. WC-Co 

Cermets (ceramic-metal) composite material consisting of two phases; a dispersion of carbide particles 

embedded in a metal matrix. Transition metal refractory carbides are used, which share a series of 

characteristics such as: very high melting temperatures, thermal and chemical stability, an excellent 

combination of ceramic physical properties (high hardness and resistance), and electrical properties of 

metals (high electrical and thermal conductivity). Some examples are WC, TiC, TaC, VC, and NbC [84] 

[85]. 

The origins of carbide date back to the 1920s in Germany, looking for a material that combined high 

hardness, wear resistance, and toughness, for forming and drawing applications. The first carbide was 

made up of tungsten carbide particles and a cobalt matrix (WC-Co), obtaining great cohesion between 

both phases [86]. 

3.4.1.1. Microstructure and phases of WC-Co 

As in most materials, the microstructure is determined by the shaping process. In this case it is a 

sintering at a temperature sufficient for the metal binder to melt, around 1300-1550ºC [87]. Although 

the melting temperature of pure cobalt is 1490ºC, the WC-Co system (Figure 2) forms a eutectic at 

1280 ºC. Thus, this system has a low melting temperature, solubility of the solid in the liquid, and good 

wettability of the liquid with the solid particles [86]. 

In the early stages of sintering, prior to cobalt melting, it exhibits strong capillary action and rearranges 

WC particles into a more compact form. So that, most of the volume reduction occurs prior to melting 

[84]. Although it is really a ternary W-C-Co system, the fact that the relationship between W and C is, 

in principle, stoichiometric allows to study the microstructure from the WC-Co binary system. 

However, meeting this requirement is complicated by the tendency of carbon to diffuse out of the 

material, so it must sometimes be added externally or use a protective atmosphere [87]. 
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On the other hand, the WC-Co system is not a simple binary system. Small variations in the amounts 

of W and C lead to the formation of other tungsten-based carbides, such as W2C and the brittle η phase, 

which impoverish the material's properties. The latter is stable at sintering temperatures even with 

stoichiometric W and C ratios and can remain metastable on cooling [84] [86]. 

 
Figure 2. WC-Co system phase diagram [86]. 

 

3.4.1.1.1 Tungsten Carbide 

As mentioned above, the reinforcement phase is made up of WC. Its crystal structure is compact 

hexagonal (HCP), with the metallic atoms located in the hexagonal planes and the C atoms in the 

interstices [88]. 

The shape of the grains is anisotropic, with triangular prisms with truncated edges prevailing due to 

the interaction, with other neighboring crystals during growth. In these prisms, the shape can be 

described from the prismatic plane (10 Ῑ 0), the hexagonal plane (01 Ῑ 0), and the basal plane (0001). It 

is obtained in the early stages of sintering, through dissolution / re-precipitation processes [89] . 

The WC grains form a continuous skeleton throughout the volume of material. It has been studied that 

in the grain boundaries between the WC grains, there is a segregation of Co in the form of very thin 

layers. This is a consequence of the null dissolution of Co, in WC and that the cobalt perfectly wet the 

carbide tungsten [86] [89]. To restrict the growth of the WC grains in the later stages of sintering, Cr3C2 

or VC can be added in small amounts to avoid the generation of a γ phase [87]. 
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3.4.1.1.2 Cobalt 

The matrix studied is a Co-W-C alloy, which is produced during sintering, when W and C atoms diffuse 

into the cobalt grains and a solid solution is formed. On cooling, the solubility of W and C in Co 

decreases, and they precipitate in the form of WC on the already existing particles, causing the grains 

of carbides to grow. However, at some point in the cooling, this phenomenon ceases to occur, and the 

final concentration of W and C is above equilibrium at room temperature. Furthermore, the final 

concentration is not homogeneous, but increases in areas close to the interfaces with the WC grains 

[87].  

The fact that a solid solution is formed has two effects. On the one hand, dissolved metallic particles 

(W), increase the hardness and physical properties of cobalt. This is related to the crystal structure. At 

room temperature, the stable allotropic form is ε, with a compact hexagonal structure (HCP). At higher 

temperatures, α is stable, with a face-centered cubic structure (FCC). The temperature of the allotropic 

transformation strongly depends on the purity and the cooling rate, and is between 400 ºC and 450 ºC. 

The free energy of the transformation is low, so the change occurs slowly and with difficulty, and small 

grain sizes favor the stabilization of α. Furthermore, both W and C stabilize the cubic phase. As a result, 

there is a tendency for the α-shape to be retained at room temperature, and can generally only be 

made hexagonal by cold mechanical deformation (by residual or external stresses) [90].  

 

3.4.1.2. WC-Co Properties 

Being a composite material, it combines the high hardness of carbides with a good toughness given by 

the metal binder, which gives it an important industrial interest. Furthermore, it has a relatively high 

thermal and electrical conductivity due to the nature of the carbides, which makes it very attractive in 

cutting applications. The hardness comes from the carbides, so it has an inverse relationship with the 

Co content, with the grain size of the carbides, and with the mean free path of the binder [91]. 

Some of the most important properties it presents are hardness, resistance, high ductility of breaking 

and beating, high electrical, and thermal conductivity. By varying the metal cobalt content and 

tungsten carbide grain size, important properties of the alloy can be specifically tailored. By varying the 

cobalt content between 0 and 20 percent by mass, hard metals can cover a range of hardness from 

mild steel to super hard alloys. The smaller the carbide grain, the stronger an object can penetrate the 

surface and the greater its hardness [92]. 

Its toughness and fracture resistance decrease with increasing hardness. However, for nanometric 

grains a stabilization of toughness occurs while increasing hardness [93]. A higher binder content 

improves this aspect of the carbide, reaching values of 20 ± 5% by mass depending on the grain size 



  Micro-mechanical evaluation of hard coatings 

26   

and the average free path of the binder [91]. The wear resistance of the carbide depends directly on 

the hardness and toughness [93]. Wear decreases with decreasing Co content and WC particle size, 

with specific wear on the order of 10-7 mm3 / (N · m) [94]. During the forming process, a wide difference 

is observed between the melting point of the matrix metals and the carbides of the aggregate. Because 

of that, a total fusion of the first one that flows between the still solid carbides takes place. For this 

reason, the porosity of the finished piece is very low, with values close to 0,2% by volume [84]. 

Its core applications take advantage of the excellent combination of hardness and wear resistance with 

toughness and thermal conductivity. Highlights include metal cutting, the oil extraction and mining 

resources industries, and their use in dies and punches in extrusion, wire drawing and deep metal 

stamping processes [86] [89].  

This material is used in tools for turning, milling, drilling, stretching, rolling, and spinning. Also is used 

in cutting tools, or for breaking metals. Coarse grain WC-Co hard metals, with a high Co content, are 

generally applied as a material for mining tools due to their excellent toughness and impact resistance. 

WC-Co systems, with finer microstructures and lower Co content, exhibit high hardness and wear 

resistance. Therefore, it could be used to machine tools that cut various materials such as steel, nickel-

based alloys, or fiber-reinforced plastics carbon  [92]. 

 

3.4.2. Steel 

3.4.2.1. Introduction to Steels 

Steel is defined as that material in which iron is the predominant element, the carbon content is 

generally less than 2% and it also contains other elements. The upper 2% limit on carbon content (C) is 

the limit that separates steel from cast iron. In general, an increase in the carbon content of steel 

increases its tensile strength, but in return it increases its brittleness in cold and reduces its toughness 

and ductility. Steels are classified according to many different systems, including their composition, 

microstructure, application, or specification [95]. The easiest way to classify steels is by their chemical 

composition. The main elements that make up the steel are: Carbon, Manganese, Silicon, Nickel, 

Chrome, Aluminum, Titanium, Tungsten, and Cobalt [96]. 

3.4.2.2. Cutting Tool Steel 

Tool steel is a variety of carbon and alloy steels that are ideal for tooling. This is due to its hardness, 

and resistance to abrasion and deformation. For this reason, this type of steel is used in the shaping of 

other materials. They have a carbon content between 0,5% and 1,5%; and are manufactured under 

carefully controlled conditions to produce the required quality. 4% chromium is usual, which provides 

the necessary hardness in large section pieces during heat treatments, through the formation of 
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carbides. The presence of carbides in its matrix plays a dominant role in the qualities of tool steel. The 

four main alloying elements that form carbides in tool steel are: Tungsten, Chromium, Vanadium, and 

Molybdenum. Carbon is necessary for an adequate response to heat treatment. It is also combined 

with the rest of alloys to form primary carbides [95]. Tungsten and Molybdenum are essential alloys to 

develop wear resistance, and allow high speeds in cutting operations. The dissolution rate of the 

different carbides in the form of iron austenite, determines the high temperature performance of the 

steel (slower is better, making it a heat resistant steel). Proper heat treatment of these steels, is 

important for proper performance. Manganese content is often kept low, to minimize the possibility 

of cracking during water cooling [96]. 

The wear resistance of these steels, depends on the heat treatment and the type of primary carbides 

present in the microstructure. For a given heat treatment and a given quantity of primary carbides in 

volume fraction, the wear resistance of the steels will be improved by increasing the amount of 

Vanadium introduced. On the other hand, it will also increase the higher the amount of alloys present 

in the steel. The hot hardness, depends on the initial hardness of the material and the resistance to 

softening with increasing working or hardening temperature. Materials with higher initial hardness 

values, show better hot hardness behavior. The latter will increase the higher the degree of alloy in the 

steel. However, improving the hot hardness of the material or its resistance to wear means a decrease 

in its toughness [36]. 

There are six groups of tool steels: water hardening, cold working, shock resistance, high speed, hot 

working, and special purposes. The choice of group to select depends on cost, working temperature, 

required surface hardness, strength, shock resistance, and toughness requirements. The more severe 

the service condition (higher temperature, abrasiveness, corrosivity, load), the greater the alloy 

content and the consequent amount of carbides required for the tool steel [97]. 

 

3.5. Mechanical characterization tests 

A material, is selected by matching its mechanical properties to the service conditions required for the 

component. The first step in the selection process requires that the application be analyzed, in order 

to determine the most important characteristics that the material must possess. Once the required 

properties are known, the appropriate material can be selected, using the information included in the 

manuals. However, it is necessary to know how to get to the properties, and take into account that the 

properties listed have been obtained from ideal tests and trials that may not be exactly applicable to 

cases or real-life engineering applications [96]. 
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3.5.1. Hardness  

Hardness is the resistance of a material to being scratched or penetrated, this is why the cohesion 

between the atoms of the material is measured. Therefore, it is related to the resistance to 

deformation and breakage. Hardness is a condition of the surface of the material, and is related to the 

elastic and plastic properties of the material [98]. 

The different methods developed to measure hardness in general consist of producing a local 

deformation, in the material being tested, through an indenter. The values obtained are always 

dependent on the method and the conditions under which it is tested. Because of that, for a hardness 

value to be useful and allow its comparison, must be accompanied by the indication of the method 

used and the test conditions. The different methods used to obtain the hardness values, can be 

classified into two large groups according to the way the load is applied [98]: 

• Static tests, where the load is applied statically or quasi-static. In this case, an indenter is 

pressed to count the test surface with a load that is applied relatively slowly. In general, the 

measure of hardness in this type of test results from the quotient of the applied load, and the 

area of the footprint left by the indenter on the surface. These are the case of the Brinell, 

Vickers, and Knoop methods Rockwell [98].  

•  Dynamic tests, in which the load is applied in the form of an impact. In general, the indenter 

is thrown on the surface to be tested with known energy. The hardness value, is obtained from 

the rebound energy of the penetrator after impacting the sample. In dynamic tests, the results 

obtained are dependent on the elastic properties of the material being tested. In general, the 

values are comparable between materials in which these properties are the same [98]. 

In general, hardness measurement can be used to assess: the effectiveness of a heat treatment, the 

wear resistance of a material, the machinability of the material, and the tensile strength of a material. 

Hardness tests are together with tensile are the most used in the selection and quality control of 

materials [99]. 

 

3.5.2. Hertz Theory- Indentation 

The first theory to study the mechanical response of solids under contact stresses using spherical 

indenters, was proposed by Hertz. But, for the assumptions associated with Hertzian contact to be fully 

satisfied, homogeneous and isotropic materials are required. From this technique, it is possible to 

observe a progressive transition from initial elasticity to plasticity [100]. 
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3.5.2.1. Tension states under Hertzian contact 

The indentation test consists of a sphere of radius r, which makes contact on a continuous flat 

specimen, under a load P. For this, it is considered that there is no friction when making such contact. 

Two tension states are presented, which are elastic and elastoplastic regimes [36]. 

3.5.2.1.1 Elastic regime 

When the contact is made between the sphere and the material, an indentation trace appears that 

presents a radius “a”. This radius a, is described by the  

𝑎3 =
4𝑘𝑃𝑟

3𝐸
                                                                       Equation 3 

    

where E is the Young's modulus of the indented material, k is a dimensionless coefficient  

𝑘 =
9 𝐸

16 𝐸′
[(1 − ѵ2) + (1 −  ѵ′2)]                                         Equation 4 

ν the Poisson coefficient of the indented material, and ν’ and E ’ correspond to the indenter material 

[36]. 

     Po =
P

Πa2                                                                                  Equation 5 

    Po =
3E

4kΠ
 
a

r
                                                                               Equation 6 

On a macro, micro, and nanometric scale, there is a direct relationship in an elastic deformation regime 

between the applied stress and the deformation produced in a material. Furthermore, Po it is defined 

as the contact pressure and it could be defined by two equations,where a / r is the indentation 

deformation [100] .    

3.5.2.1.2 Elastoplastic regimen 

Above a given stress, relatively ductile materials plastically deform in the area just below the contact. 

Starting from the graph of Po vs a / r, first, it can be seen a linear zone corresponding to the elastic 

region. But from a critical load, the beginning of the plastic yield will be observed. This will mark the 

transition from the elastic to the plastic region, and the linearity will be lost [36] . In other words, there 

is a contact pressure from which one passes from an elastic deformation field to a plastic one. As the 

load continues to increase, the plastic zone also increases, until a point is reached where complete 

plasticity is obtained. In this region, the Hertzian stress field is modified [100] . 
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The main cause of the degradation of the coatings, is the low elastic limit of the substrate that allows 

a plastic deformation under the penetrator, which the normally fragile coating cannot follow. In 

indentation tests, the coating under the indenter is plastically deformed, so circumferential micro-

cracks begin to appear to reduce its tension state. The wear on the microcracks increases, as the 

applied load increases, and even delamination of the coating can occur [100].  
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4. Used materials  

Throughout the work, different types of substrates and coatings have been used. In the Table 1,it can 

be seen the different combinations analyzed. 

 

Table 1. Used materials 

SET Coat Sustrate 

1 CrAlN/CrAlO Steel 1.2344 

Inconel 

2 CrAlSiN Wc-Co 

Steel 1.2344 

3 DLC Vancron 

Vanadis-4 

K-360 

 

4.1. Sustrates 

4.1.1. DIN 1.2344 steel 

It is a standardized tool steel for hot work. Its main feature is the combination of alloyed elements of 

chrome, molybdenum and vanadium. This provides high resistance to thermal shock wear. In turn, it 

has great resistance to heat. The presence of high vanadium content in DIN 1.2344, can handle 

abrasion at low and high temperatures. It presents a uniform and high level of machinability. Also, this 

steel can be used in cold work. It could be used to drill, steer, and insert die blocks [101]. In the Table 

2, the composition ranges that these types of steels usually have are shown. 

 

 



  Micro-mechanical evaluation of hard coatings 

32   

Table 2. Composition (% by weight) of steel DIN 1.2344 [102]. 

Elements Weight composition (%) 

Carbon 0,35 - 0,42 

Silicon 0,8 - 1,2 

Chromium 4,8 – 5,5 

Molybenum 1,2 – 1,5 

Vanadium  0,85 – 1,15 

 

4.1.2. INCONEL 718 

Inconel alloys belong to the Ni-Cr based family of super alloys (austenitic superalloy). Ni and Cr provide 

resistance to corrosion, oxidation, cementation, and other damage mechanisms that operate at high 

temperatures. Thanks to this, these Inconel alloys have good cryogenic properties, good fatigue and 

mechanical resistance at high temperatures and, a relatively good sliding behavior [109]. 

Is a precipitation hardenable alloy, containing significant amounts of Fe, Nb and Mo. Minor contents 

of Al and Ti are also present. It has been widely used in the aeronautical and nuclear industries for its 

excellent resistance to oxidation at high temperatures and favorable weldability. It has good 

mechanical properties at high temperature, thanks to a fine dispersion of ordered precipitates in a 

face-centered cubic matrix [110].  

In the Table 3, the typical composition of this type of steel is shown. Nickel provides the good resistance 

of this alloy to hot work, due to its condition of not presenting allotropic changes in the microstructure, 

and good resistance to corrosion at high temperatures. Chromium provides an increase in solid 

solution hardening, and also provides high temperature corrosion resistance. Iron, found in solid 

solution within the alloy, slightly increases the volume percentage of the precipitating phase γ '. It is 

mainly used to lower the high cost of having a nickel only matrix, although this lowers the melting point 

of  Inconel 718 the economic benefits guarantee it. The carbon, although it is in very limited portions, 

can lead to the formation of carbides of the MC form with different elements such as niobium, 

titanium, molybdenum, and chromium. The precipitation of these particles improves resistance to heat 

flow, since they take place at the grain boundaries and make intergranular sliding difficult [110]. 

Molybdenum, is a solid solution hardener, increases the mechanical strength of the matrix and can 

combine with carbon to form carbides. Niobium, is a hardening precipitating agent that can also 
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combine with carbon to form carbides, forms phases called gamma double prime γ "(which is the main 

hardening precipitating phase of In 718), and is also the cause of the phase subsequent called delta 

phase δ. But, niobium segregation generally cannot be avoided in forged products made of large ingots, 

which will lead to the formation of macro segregation, washing phase and white spots. This, will result 

in higher dispersion in mechanical properties [111]. 

Thanks to the γ ”phase, greater resistance at low temperatures is obtained. Although the δ phase is 

thermodynamically more stable than the γ ”phase, the slow precipitation of δ indicates that its 

formation is above 900 ° C and is always preceded by the γ” phase. Since both need niobium as a 

precipitating agent, this indicates that a growth in the δ phase occurs with a decrease in the γ” phase. 

Due to its morphology, the δ phase does not contribute to hardening. On the contrary, its presence 

indicates a loss of resistance due to the elimination of the γ” phase [112]. Yuan and Wang, 

demonstrated that the phase δ, can stimulate the occurrence of dynamic recrystallization [113] [114]. 

Desvallées et all, found that the phase δ , had a detrimental effect on the elastic limit, but did not affect 

the ultimate tensile strength at room temperature and 550 ° C [115]. 

Surface coatings are generally used in cutting tools for low machinability materials, such as Ni super 

alloys. Coated tools outperform substrate behavior, especially when cutting speed increases [116][117] 

.Jindal et all, found that TiAlN coated tools exhibited good cutting performance when turning Inconel 

718, AISI 1045 steel, and ductile iron under high and low cutting speed conditions [118]. 

 

Table 3. Composition (% by weight) of Inconel 718 [102]. 

Elements Weight composition (%) 

Niquel 50-55 

Cromium 17-21 

Niobium 4,75 – 5,5 

Molybdenum 2,8 – 3,3 

Titanium 0,65 – 1,15 

Aluminium 0,2 – 0,8 

Cobalt <1 
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4.1.3. Vancron 

Vancron is a nitrided powder tool steel, which result is a tool surface with very low friction that, reduces 

galling or sticking of the material.  In many cold work applications tools are surface coated in order to 

prevent galling and adhesive wear. Furthermore, it is important to have the correct hardness for the 

applications as well as a sufficient ductility and toughness, in order to prevent premature failure due 

to crack formation [103]. In the Table 4Table 3, the typical composition of this type of steel is shown. 

 

Table 4. Composition (% by weight) of Vancron [103] 

Elements Weight composition (%) 

Carbon 1,1 

Nitrogen 1,8 

Silicon 0,5 

Manganese 0,4 

Chrome 4,5 

Molybdenum 3,2 

Worframio 3,7 

Vanadium 8,5 

 

4.1.4. WC-Co 
As explained in the section 3.4.1, tungsten-cobalt carbide is an alloy of hard ceramic tungsten carbide 

and ductile cobalt, which is also known as cemented carbide. In the Table 5,  the chemical composition 

by weight is presented, which usually presents said compound material. 
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Table 5. Composition (% by weight) of WC-Co [104] 

Elements Weight composition (%) 

Carbon 6,1 - 4,6 

Wolfram 93,9 – 65,4 

Cobalt 0 - 30 

 

4.1.5. Vanadis-4 

Vanadis 4 is a chrome-molybdenum-vanadium alloy tool steel. It is intended for cold forming 

operations of powder metallurgy on materials such as annealed austenitic stainless steel, mild carbon 

steel, copper and aluminum. It has high ductility, high resistance to abrasive adhesive wear, high 

resistance to compression, dimensional stability during heat treatment and in service, high 

machinability, and grinding [105]. 

This tool steel, is especially suitable for applications where adhesive wear is the dominant failure 

mechanism. It is also well suited for cutting and forming ultra-high strength steel sheets. Some of its 

applications are as cold extrusion tools, powder pressing, knives, and as a steel substrate for surface 

coating [103]. In the Table 6, the typical composition of this type of steel is shown. 

 

Table 6. Composition (% by weight) of Vanadis-4  [106] 

Elements Weight composition (%) 

Carbon 1,4 

Nitrogen 0,1 

Manganese 0,4 

Chrome 4,8 

Molybdenum 3,5 

Vanadium 3,7 
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4.1.6. K-360 tool steel 

It is a cold work tool steel, containing 8% developed Chrome, it has a high resistance to wear and a 

good resistance to compression. Therefore, it is used in those more complex cold work applications. It 

has excellent wear resistance, high toughness and good compression resistance. In addition, it has very 

good temper resistance, good salt, gas and plasma nitriding suitability, and responds very well to PVD 

coatings. On the other hand, it presents a uniform distribution of fine carbide grains throughout its 

section. Some of the applications for which this steel is used are: in blades, in powder compaction, in 

components for the recycling industry, in blades for machinery, and in rollers [107]. 

 

Table 7. Composition (% by weight) of K-360 tool steel [107] 

Elements  Weight composition (%) 

Carbon 1,25 

Silicon 0,9 

Manganese 0,35 

Chrome 8,75 

Molybdenum 2,7 

Vanadium 1,18 

 

4.2. Coatings 

4.2.1. Monolayer 

4.2.1.1. CrAlSiN 

By introducing silicon into the CrAlN coatings, a strongly immiscible system can be formed. In this way, 

Si secretes amorphous SiNx along grain boundaries and forms sharp, strong interfaces that can 

significantly affect grain size [108]. The absence of dislocation activity in small nanocrystals and the 

blocking of grain boundary slip due to the formation of a strong interface between the two phases 

provide nanocomposite materials with superior properties such as high hardness, good wear and 

excellent resistance to oxidation. In addition, an improvement in thermal stability is achieved. In this 

way, the formation of the Cr2N phase and the concomitant loss of N during oxidation are inhibited 

[20]. 
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4.2.2. Multilayer 

As explained previously, this work analyzed the micromechanical behavior of the CrAlN multilayer 

coating, for different values of bilayer thicknesses (λ: 27,19,14 and 8 nm). 

4.2.2.1. CrAlN 

As previously explained, transition metal nitrides have been used as protective coatings due to the 

excellent performance in hardness, oxidation, corrosion, and wear resistance [109]. Within nitride 

systems, chromium nitride (CrN) coatings have high microhardness, high toughness, and low 

coefficient of friction, thereby improving the service life of steels and tool components. If this system 

is doped with a third element (Aluminum), it is possible to increase the mechanical, thermal and 

anticorrosive behavior. These coatings exhibit beneficial hardness and resistance to oxidation [51]. 

 In this way, a greater resistance to oxidation is achieved, thanks to the formation of protective oxides 

on the surface of the coating that hinder ion diffusion. Furthermore, the hardness also increases, due 

to the strengthening by grain size refinement (Hall-Petch effect), and by the solid solution [110]. By 

incorporating Al into the structure of CrN (B1-fcc NaCl), the grain size is decreased, the preferred crystal 

orientation is modified from (200) to (111), and inhibits the formation of hexagonal chromium nitride 

(Cr2N ) phase [111]. The problem with Cr2N is that although it exhibits a higher hardness than CrN, it is 

more susceptible to oxidation and can deteriorate the thermal stability of the coating, especially at 

high temperatures [112]. 
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5. Characterization tecniques 

5.1. Scratch test 

5.1.1. Principles and status of the coating 

Measurement of coating adhesion is a critical requirement in the development, evaluation, production, 

and use of functional coatings. Adhesion is the force or work required to remove or separate a film or 

coating from its substrate, regardless of the site of failure [113]. 

The practical measurement of adhesion, is a function of the different experimental factors related to 

the coating-substrate pair and the specific experimental method. It has a direct engineering value to 

evaluate the physical performance of a specific coating-substrate system. There is no "universal" 

adhesion test that is applicable to all coating systems in all applications. However, to thin hard coatings 

on hard substrates, the instrumented scratch test is the most common type of quantitative coating 

adhesion test [113]. 

 

5.1.2. Scratch testing 

In the scratch test, a diamond tip of defined geometry is drawn through the surface of the coated 

sample at a constant speed, with a defined normal force over a defined distance. The diamond tip, 

generally has a Rockwell C geometry with a 120-degree angle and a 200mm ball nose radius. Normal 

strength can be constant, can increase progressively, or can increase gradually [114]. 

• In constant load tests, normal force is maintained at a constant level, while scratching the sample. By 

increasing the charge for each subsequent scratch, a scratch map can be generated to determine the 

critical charge for a specific damage. 

• In progressive loading scratch tests, the pencil is drawn across the sample, while the normal force 

increases linearly to a maximum predetermined value. Critical load, is recorded as the normal force at 

which damage is first observed. 

• The incremental load zero test consists of gradually increasing the constant load zero segments, and 

is very useful if space is limited in the sample. 

 Tangential force (force that opposes the relative movement between the pencil and the sample), 

depth of penetration, and acoustic emission are signals that are recorded as secondary test data, along 

with normal force. After the test is complete, the scratch track is analyzed microscopically for specific, 

well-defined damage, such as cracking, deformation, buckling, peeling, or delamination of the coating 

[114]. 
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Figure 3. Scheme of a scratch test [114]. 

 

The critical load Lc is the load corresponding to the failure event, and is related to the practical bond 

strength and damage resistance of the coating / substrate system. In turn, it depends on the test 

parameters, geometry, loading speed, scratch speed, as well as the properties of the coated sample 

(coating thickness, surface roughness and microstructure, mechanism of damage, hardness, modulus 

of elasticity, fracture force). The mechanisms and nature of the failures observed in the scratch test are 

highly material dependent, and it is important that an unambiguous failure event is chosen for 

comparison of Lc values. In general, as the applied load increases, a sequence of different failure events 

can be observed with a corresponding sequence of Lc values. For example, cracking often occurs at 

lower loads than peeling of the coating. Consequently, Lc1 is often defined as the critical load for the 

initiation of cracking, and Lc2 as the start of the release of the coating. The acoustic emission sensor 

can detect waves generated in the coating / substrate system by brittle damage, events such as 

cracking, delamination, chipping or buckling [114]. 

 

5.1.3. Test conditions 

A CSM® Instruments Revetest® scratch kit, with acoustic emission detector and light microscope was 

used. The tests were carried out in progressive loading mode in a range from 1 to 30, 60, and 100 N, 

for the case of multilayer coatings; and from 1 to 45, and 60 N for monolayer coatings, maintaining a 

linear speed of 1 mm / min. Between each test, the integrity of the indenter tip (200 µm diamond 

Rockwell type) was verified in order to avoid inducing system damage from indenter defects. 

An ASTM standard for scratch testing has been followed, which is designated ASTM C1624, and is titled 

“Standard test method for adhesive strength and mechanical failure modes of ceramic coatings using 

quantitative single-point scratch tests” [115]. 



  Micro-mechanical evaluation of hard coatings 

40   

 
Figure 4. CSM® Instruments Revetest® Scratch Tester 

 

5.2. Indentation test 

The Brinell, Rockwell, Vickers, and Knoop type tests are frequently used for the determination of 

hardness. These consist of evaluating the deformation of the material, as a result of a normal load 

applied to its surface through the penetrator. If the material is hard, the indentation will be relatively 

small or shallow, while if the material is soft, the indent footprint will be quite large or deep [116]. 

These tests can be classified according to the range of applied forces, or according to the measurement 

method used. The prefix "macro" is used to refer to those tests where the load is greater than 1 kgf; 

while in the case of tests on a “micro” scale, the load will be less than 0,5 kgf. Additionally, some 

equipment is capable of applying loads as low as 0,01 gf and commonly refers to them with the prefix 

"nano" [116]. 

The Rockwell tests belong to the macro scale, while the Knoop tests is used on the micro scale. The 

Vickers test and the Brinell type, where a sphere is used, can be used in both micro and macro ranges. 

From these tests, properties such as resistance to abrasion or wear, resistance to plastic deformation, 

modulus of elasticity, limit of elasticity, ductility, and toughness can be determined. Some of these 

properties have numerical relationships with hardness, and others, such as toughness, are based on 

observing the cracks that surround the indentation trace [116]. 

 

5.2.1. Principles of the method 

Static indentation tests are based on forcing an indenter through the surface of the material, to be 

tested for a certain period of time. When the force is applied to the specimen by contact with the 
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indenter, the material will undergo plastic deformation from a critical load. After removing the applied 

force, a certain amount of elastic recovery is expected to exist in the opposite direction to the initial 

flow. Since elastic recovery is not total, residual stresses are found under the tread. The hardness value 

is calculated from the amount of permanent deformation, or plastic flow observed in the material 

[116]. 

The hardness values can only be compared if the same type of test is used, since the geometry of the 

indenter and the applied force influence the final hardness result. The Brinell hardness value is 

calculated from the quotient between the applied force and the contact surface of the indenter, the 

calculation of which requires knowledge of the geometry of the sphere used as the indenter. The 

parameters taken into account in the Vickers and Knoop indentation tests also include the applied 

force and the indenter geometry. Within indentation tests, a distinction can be made between 

conventional tests, in which only hardness is measured, and instrumented tests, in which the applied 

load curve (P) - penetration depth (h) is obtained in situ [116]. 

 

5.2.1.1. Conventional indentation test 

The conventional test covers all those indentations made in the micro and macro ranges, and of which 

only a measurement of hardness is intended. Its operation is based on the application of a quasi-static 

load during the duration of the test. The hardness value, is calculated as the quotient between the 

applied force and the projected footprint area in the plane perpendicular to the direction indentation. 

And also, this value is equivalent to the value of the average pressure existing in the contact [116]. 

 

5.2.1.2. Instrumented indentation tests 

The first indenters used were of the Vickers type. The tip has a square pyramidal shape, with four equal 

faces and forming between them angles of 136º, which allowed measurements in the 

microindentation range. This way of measuring hardness allowed its combination with other 

techniques such as electron microscopy, electron diffraction, and X-ray scattering to study in detail the 

deformation properties of a large number of materials. The next step after the birth of 

microindentation was the development of systems capable of making even smaller indentations, and 

nanoindentation. Its advance was possible thanks to the development of tunnel and force microscopes 

back in the 1980s. In nanoindentation systems, a Berkovich-type tip with the shape of a pyramid is 

usually used. In this case, the hardness test is based on obtaining the P-h curve (indentation load 

depending on the depth of penetration). This is achieved since, unlike the conventional test, the 
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instrumentation allows to control the load and the speed of the indenter or that of the application of 

the load, until reaching a desired depth [116].  

In summary, instrumented indentation experiments, evaluate the evolution of the responsible contact 

throughout the loading and unloading of the experiment. Thus, adding complementary knowledge to 

the measures of hardness and stacking that can be obtained from the conventional test [116]. 

5.2.1.2.1 Vickers method 

The Vickers method, is based on determining the hardness by dividing the force applied by the surface 

of the footprint left by the penetrator. This was developed to try to eliminate the problems posed by 

the Brinell method, such as not valid for hard materials, use of different loads and penetrators, and not 

suitable for small thicknesses. A square-based, angled pyramid diamond tip is used as the indenter at 

the apex between faces of 136º. This angle was chosen, so that the hardness coincided with the Brinell. 

Being the diamond indenter, there is no problem of deformations, serving to measure any material, 

since the hardness of the indenter will always be higher. This method is used in particular for thin and 

tempered pieces, with minimum thicknesses of up to 0,2 mm. To determine the Vickers hardness, the 

measurement of the two diagonals of the produced footprint is used, measured with a microscope. 

The Vickers hardness number is defined by the ratio [116].  

 

                                                                                             𝐻𝑣 =
𝑃

𝑆
                                                         Equation 7 

Between the applied load (P) and the footprint surface (S). Where S is: 

 

                                                                                           𝑆 =
𝑑2

2 𝑠𝑖𝑛 68ª
                                                      Equation 8 

Thus, 

                                                                                                  𝐻𝑣 = 2𝑃
𝑠𝑖𝑛 68º

𝑑2
                                          Equation 9 
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Figure 5. Vickers Penetrator [116]. 

   

5.2.2. Test conditions 

5.2.2.1. Spherical indentation under request for monotonic load 

The tests were performed on a servo hydraulic test machine (Instron 8511) using 2,5 mm radius of 

curvature carbide indenters. The applied load varied from 200 to 2400 N, at a loading speed of 30 N · 

s - 1 and a retention time of 20 s. Subsequently, images were obtained by optical microscopy, confocal, 

and SEM, to observe the residual footprint in each case. 

 
Figure 6. Instron model 8511 machine. 
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5.2.2.2. Microhardness test 

In order to be able to measure the Vickers hardness of the samples analyzed, a Vickers durometer was 

used. Hardness was measured at an HV5 load (49,03 N), following the indications imposed by the ISO 

6507 standard [117]. 

 
Figure 7. Vickers hardness tester. 

 

5.3. Nanoindentation 

5.3.1. Introduction to Nanoindentation 

Nanoindentation, measures the resistance of the material to mechanical deformations on its surface. 

It is a method of evaluating the mechanical properties of a material by applying very low loads, on the 

order of milli Newtons. These amounts of charge, cause the penetrator to shift on the order of a few 

hundred nanometers. A small diamond point, is progressively inserted into the film. In this way, the 

applied load curves (P) versus the depth of penetration (h) are obtained. Thanks to these grooves, it is 

possible to calculate the hardness (H) and Young's modulus (E) of the material, without visualizing the 

footprint. Hardness (H) is defined as the pressure below the tip, given by the ratio of the maximum 

load and the projected area of plastic deformation. To obtain a good precision in the measurement of 

hardness, the depth of the nanoindentation should be limited to a fraction of the order of 15% of the 

total thickness of the film [118]. 
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5.3.2. Test conditions 

For this, a XP nanoindenter (Agilent Technologies) equipped with a continuous stiffness measurement 

module is used, which allows a dynamic determination of the hardness and elastic modulus during the 

test. 

 
Figure 8. Nano Indenter XP Nanoindenter 

 

5.4. Raman Spectroscopy  

5.4.1. Theoretical fundament 

Raman spectroscopy is a high-resolution photonic technique that provides chemical and structural 

information of some material in a few seconds, thus allowing its identification. Raman spectroscopy 

analysis is based on an examination of the light scattered by a material, when struck by a 

monochromatic light beam. A small portion of the light is scattered inelastically, undergoing slight 

frequency changes, known as Raman frequencies, which are characteristic of the chemical nature and 

crystalline structure of the sample, and independent of the incident radiation. Raman scattering 

phenomenon are equivalent to energy variations [119]. It is an analysis technique, that is performed 

directly on the material to be analyzed without the need for any special preparation. It doesn’t imply 

any alteration of the surface on which the analysis is performed, that is, it is not destructive. One of 

the great advantages of Raman spectroscopy is that it provides molecular information about the 

materials to be characterized, beyond the elemental analysis that other spectroscopic techniques 

provide [120]. 

A very important limitation of Raman spectroscopy is the fluorescence of the samples. The fluorescent 

emission is excited at the same time as the Raman effect and manifests itself as a very wide and much 

stronger background signal than Raman signals, which may prevent the observation of the latter. While 

the Raman spectrum is always the same regardless of the excitation wavelength, the fluorescence 

emission depends on the excitation. So, one way to eliminate or at least decrease, the fearsome 

fluorescence that competes with Raman is to vary such excitement. This can be done in two ways: a) 
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use lasers with ultraviolet emission (~ 300 nm), so that the fluorescence moves towards wavelengths 

greater than the Raman scattering and do not overlap; and b) use laser emission in the infrared nearby 

(1064 nm), where there is virtually no fluorescence excitation. Option a) is used very little given the 

greater experimental complexity, and the ease with which many samples degrade when irradiated with 

a UV laser. Option b) is the one that has been applied since the mid-80s, using interferometric detection 

and subsequent treatment of the interferogram by Fourier transformation (FT) [119]. 

 

5.4.2. Instrumentation in a Raman spectroscopy laboratory 

The equipment used consists of two interchangeable monochromatic light sources (He-Ne laser and 

Ar laser), connected to an excitation optical fiber that guides the light to the optical head, and it focuses 

it on the sample. The light scattered by the sample is collects through the same optical head and 

through the collection optical fiber is guided to the monochromator that separates it spatially and 

spectrally. The coupled charge device transforms the photons from the scattered light into a digital 

electrical signal and the spectrum is forwarded to the computer [121]. 

The test was performed with Renishaw's inVia Qontor Raman microscope, and its Raman Environment 

(Wire ™) software. Which was used to identify the structure of the DLC films. Mainly in terms of the 

ratio between band D (diamond) and band G (Graphite), and to study its variation with respect to the 

change in deposition variables that the DLC layers had. The parameters used during the test can be 

seen in the Table 8.  

Table 8. Parameters used in Raman spectroscopy 

Acumulations 30 

Focus mode Confocal 

Objective X100 

Laser 532 nm edge 

Exposure time 1000ms 

Laser power 10% 
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Figure 9. Renishaw’s inVia Qontor Raman 

 

5.5. Microscopy 

The image obtained from the sample to be studied, is influenced by two aspects that determine its 

quality [122]. On the one hand, there is the preparation of the sample to be studied. This preparation, 

is determined by the necessary procedures and protocols that will be carried out under certain criteria, 

which allow highlighting or hiding certain characteristics of the sample that you want to view. On the 

other hand, the characteristics and properties of the optical system to obtain and record the image 

also influence [123]. Considering the characteristics and properties of optical systems, to obtain a 

quality image that allows the maximum of information found in the sample to be viewed, it is important 

to know [122]:  

• The resolution limit of the optical system used. 

• The resolution in the depth of focus, to define the limits of the details of the sample in different 

planes. 

• The optical characteristics of the interface from the microscope objective to the plane where 

the sample is located. 

• The physicochemical properties of the used sample holder. 

 

5.5.1. Optical microscopy 

Thanks to its ability to provide multidimensional structural and functional information about a sample 

non-invasively, numerous scientific advances have been made. These instruments rely on high-quality 

optical systems, to operate at the optimal resolution. This one, is determined by the light diffraction 
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limit for conventional microscopes [124]. However, the performance of the microscope is affected by 

the optical properties of the sample. Spatial variations in the refractive index, introduce aberrations as 

light passes through the sample. These aberrations, negatively affect the resolution and contrast of 

microscope images, limiting the depth at which the image is practical. Therefore, dynamic correction 

elements have been used to compensate for sample-induced aberrations. This has been accomplished 

through two main factors. The first one, is the commercial availability of compact deformable mirrors 

and spatial light modulators as adaptive correction elements. The second one, is advances in aberration 

measurement techniques and associated control methods [125]. 

 

5.5.2. Confocal microscopy 

The possibility of obtaining a confocal image is that the light from the laser passes through a diaphragm, 

which consists of a small hole in the light-detecting filter, that prevents light from passing out of focus 

sample planes [126]. This means that the observer can receive light from a region of only 500 

nanometers deep, the thickness of which is in the range of tens of microns [127]. The image that 

contains information from an area of less thickness than the sample, is called an optical cut. One of the 

great advantages of confocal microscopy, is that it allows several fine optical cuts to be made on thick 

samples, and also, to make three-dimensional reconstructions from several continuous optical cuts 

[128]. With this technique, it is possible to obtain an image with the information from the focused 

region (in the x, y, z), and the rest of the light coming from the sample is eliminated. The result, is an 

image with a high spatial resolution in which two points can be distinguished. These ones are a distance 

of 200 µm microns in the «x, y» planes, and 500 μm microns in the «z» plane. Another of the essential 

components of the confocal microscope, is the detector or photomultiplier, which multiplies the 

current produced by the light emitted, which facilitates the detection of photons [129]. 

In order to analyze the samples after being subjected to different micromechanical tests, the Olympus 

LEXT confocal microscope was used (Figure 10). 
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Figure 10. Confocal microscope Olympus LEXT 

 

5.5.3. Electronic scanning microscope (SEM) 

A scanning electron microscope (SEM), is an instrument used to examine and record the topography 

of the surface of a specimen, at a significantly higher resolution than can be obtained with light 

microscopy. Its operation is based on passing through the sample, with a focused electron beam. As 

the electron beam impacts the sample, the sample reacts by emitting different types of signals. These 

signals, are read by specific detectors, and used to reconstruct the topography of the sample surface, 

or to give information about the elemental composition of the sample. In most cases, to produce the 

emitted signals necessary to examine the sample, and avoid charging by the incident beam, the sample 

must be kept in a high vacuum and grounded. The high vacuum preserves the integrity and coherence 

of the electron beam, while the sample ground connection eliminates the excess charge generated in 

the sample by the incident beam. These conditions originate in some cases, a complicated sample 

preparation process that can finally alter the original state of the surface, drastically modifying the real 

image. Realistic three-dimensional images of the surface of the analyzed object, are produced. The 

main uses of SEM are the high resolution (≈ 100 Å), and the great depth of field that gives the images 

a three-dimensional appearance. When using it, it is necessary that the analyzed material be electric 

conductor and high vacuum support without modifying its structure [130].  

Among the most important properties to study using scanning electron microscopy (SEM) in materials 

are: observing compatibility in mixtures, the study of the texture, shape and distribution of the phases, 

and the study of crystallization, co-crystallization and phase segregation. Also, this technique provides 

the possibility of obtaining high resolution images with chemical analysis of small areas of the material 

individual from the sample and fluorescent molecules of interest even when they are in very low 

quantities in the sample [131].  
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During this study, in order to observe the microstructures of the samples analyzed, the IS 1.09 SEM 

Phenom XL kit was used (Figure 11). 

 

 
Figure 11. IS 1.09 SEM Phenom XL 
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6. Monolayer CrAlSiN 

The deposition of a monolayer coating improves the wear resistance of high-speed steel cutting tools, 

punches, and metal forming components. As explained above, by using this coating, an improvement 

in mechanical properties is obtained. CrAlSiN coatings have improved hardness, wear resistance, and 

oxidation properties compared to CrAlN. This is due to the presence of aluminum and silicon in the 

structure, which lead to solid solution hardening. 

 

6.1. Topographical and mechanical characterization 

6.1.1. Microhardness 

To obtain the corresponding hardness values, the microhardness machine was used with a Vickers 

indenter. Impressions left on the sample surface were examined by confocal microscopy. In Figure 12, 

the footprints obtained for the two substrates analyzed are found. As it can be seen, microcracks occur 

in the coating, and also deformation of the substrate. 

 

     
Figure 12. Vickers indentations of samples of (a) Steel, and (b) WC-Co. In both cases it can be seen that microcracking of the 

coating, as well as deformation of the substrate, is produced. 

 

In the Table 9 and Figure 13, the obtained hardness values are found for the two substrates analyzed. 

As can be seen, when the substrate is WC-Co, the average hardness of the material is 2.213 Hv5 (21,68 

GPa). On the other hand, if the substrate analyzed is 1.2344 steel, the average hardness value is 562 

Hv5 (5,51 GPa). This means that, the WC-Co substrate has a 293% higher hardness than the 1.2344 

steel substrate. This important difference in hardness can be explained through the microstructure of 

both substrates.  As mentioned in the 3.4.1 section, the WC-Co features carbide particles dispersed in 

a metal matrix. The smaller the carbide grain, the stronger an object can penetrate the surface and, in 
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turn, the greater the hardness of the material. For this reason, hardness values higher than those of 

tool steel have been obtained [92]. 

The value obtained when the substrate is 1.2344 steel, is in line with that obtained in past research, 

where a hardness of 556 Hv5 was obtained [132]. Also, the hardness value found in the literature for 

the 1.2344 steel uncoated is 559 Hv5 [132]. On the other hand, the hardness value found in literature 

for the WC-Co substrate is 15,7 GPa [133]. Thus, when the substrate used is WC-Co, a 38% 

improvement in the obtained hardness value is achieved using a monolayer coating. 

 

Table 9. Hardness values for monolayer coatings 

Substrate Hardness 

WC-Co 2.211 ± 60 Hv5 

Steel 1.2344 562 ± 2 Hv5 
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Figure 13. Hardness value for monolayer coatings: Steel vs WC-Co substrate 
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6.1.2. Spherical indentation 

In the Table 10, the traces obtained by confocal microscopy can be observed after performing the 

spherical indentation tests. From these images, it can be seen that as the load increases, so do the 

diameter and depth of the footprints generated. In turn, in Figure 14, the deformation stress curves 

obtained from the spherical indentation test are observed. 

As previously explained, these curves have two important regions. The first occurs at small indentation 

loads and therefore low contact pressure values, and is known as the elastic region. In general, since 

the indentation is done directly in the system, the elastic part of the curve cannot be collected since, 

due to the elastic recovery, the footprint that is measured only expresses the plastic deformation. On 

the other hand, for low loads, the measurement becomes very difficult since the footprint is not very 

clear and, consequently, the margin of error increases. The second stage, takes place at higher 

indentation loads, which means greater diameter of the indentation tracks and higher contact 

pressure. In this stage, an irreversible deformation of the substrate occurs, where the coating must 

withstand that deformation. But since it cannot accommodate such deformation, stresses develop 

parallel to the surface of the substrate within the coating [134] .  

For the data obtained, it can be seen that the monolayer steel begins to show plastic deformation from 

contact pressures of 2,4 GPa. As the applied load increases, so does this contact pressure, until yielding 

is reached at pressures of 4,1 GPa. On the other hand, when the substrate is WC-Co, the observed 

plastic deformation is much less and occurs from contact pressures of the order of 5 GPa. This value is 

108% higher than that obtained in the case of steel. As with steel, the contact pressure increases with 

the applied load, until it reaches a zone where said values do not vary significantly. In this zone it is of 

yielding, and in this case, it is reached for contact pressure values of the order of 8,5 GPa. Said value is 

116% higher than that obtained for monolayer steel. 

In addition to these important differences in the contact pressures of both substrates, it is also possible 

to see that with the same indentation load, the diameter of the footprint is greater when the substrate 

is steel. This occurs because, as mentioned above, the WC-Co substrate has a hardness four times 

greater than steel. Therefore, said substrate presents a much less plastic deformation than steel. 
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Figure 14. Spherical indentation stress- strain curve 
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Table 10. Images of the footprint obtained with spherical indentation, taken by confocal microscope. In both substrates, it can 
be seen that as the applied load increases, so does the indentation footprint diameter. 

P(N) Steel 1.2344 WC-Co 

600 

  

1200 

  

1800 

  

2400 

  

 

When the applied load is high enough, the stresses generated can cause cracks in the layer. Thus, more 

cracks appear on the surface of the coating. This behavior, is associated with the release of residual 

stresses induced by the quasi-plastic displacement of the layer, when trying to follow the plastic 

deformation of the substrate. As the applied load increases, irreversible deformation of the coated 

system occurs through traces of residual surface. This is generated because, the radial tensile stresses 

and the stresses in the vicinity of the residual impressions, are high enough [135] . In the cases analyzed 

below, this effect could only be appreciated when working with 1.2344 steel as substrate. As can be 
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seen in Table 11, when the applied load is 1.800 N, the first circumferential cracks are observed. By 

applying a higher indentation load, 2.400 N, a greater number of cracks can be seen. This absence of 

circumferential cracks when the substrate is WC-Co, is due to the great hardness that it possesses and 

because it presents a very low plastic deformation to the indentation loads used. 

 

Table 11. Images of the footprint obtained with spherical indentation, taken by SEM. Only when the substrate is steel, from 
an applied load of 1,800 N, are circumferential microcracks observed. 

P(N) Steel 1.2344 WC-Co 

1.800 

  

2.400 
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6.2. Scratch test 

The adhesion test was performed to quantify the adhesion of the coatings to the substrate. For this, a 

linear load was applied to the coating through an indenter. The critical load is related to the bond 

strength, and damage resistance of the coating / substrate system. In the Table 12 and Figure 15, it can 

be seen the critical load values obtained for the two substrates analyzed. In both cases, the adherence 

of the coating can be considered satisfactory for applications where there is sliding contact, since they 

presented critical load values (Lc2) above 30 N [136]. 

 
Table 12. Critical load values for the appearance of cohesive (Lc1) and adhesive (Lc2) failure 

Sustrate Lc1 (N) Lc2 (N) 

Steel 1.2344 26 32 

WC-Co - 58 

 

 

 
Figure 15. Critical load for scratch test. Substrates: Steel and WC-Co. 
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In the Table 13, It can be seen that two types of damage mechanisms occur, when performing the 

indentation test. These are known as cohesive (Lc1) and adhesive (Lc2) failures. Cohesive failures are 

generated by cohesive stresses, produced by the displacement of the tip. On the other hand, the 

adhesive failure takes place in front of the penetrator, which is in displacement, due to the presence 

of compression stresses in this place. This failure, is due to the accumulation of the coating material on 

the front and side of the indenter [137]. The coating, is separated to minimize the amount of elastic 

energy stored, by the high compression stresses that have occurred. This implies a relatively poor 

adhesion, and leads to semicircular cracks that extend outwards from the center line of the track. This 

type of failure generally leaves signs of damage along its edge. This type of damage also sounds like 

compressive spallation [137]. The first image in the Table 13, corresponds to cohesive failure, which 

only occurs when the substrate analyzed is steel, and the damage generated by cohesive stresses can 

be observed. In the following two images of said table, it can be seen the adhesive damage produced 

in both substrates. In this case, it is possible to see the semicircular openings that are produced. 

As can be seen in  Table 12 and Figure 15, the only case where cohesive failures occurred was when 

the substrate was 1.2344 steel. In this case, the critical load for said failure was 26 N. The absence of 

this type of failure for the WC-Co substrate is due to the fact that they usually appear when working 

with fragile substrates, and as previously seen, is not the case of said substrate. For both substrates, 

adhesive failures can be observed, but at different values of critical load. In the case of the steel 

substrate, this value was 32 N, while for the WC-Co substrate, this value was 58 N. In other words, the 

critical load for the appearance of an adhesive failure when the substrate is WC-Co, is 82% higher than 

when the substrate is steel. This is due to the hardness of the WC-Co substrate. Since this is a hard 

substrate, very little plastic deformation of the substrate occurs during the test. Therefore, failure 

modes associated with bending of the coating on the scratch track will only be observed at higher 

loads. 
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Table 13. Images of the failure modes according to the applied load (Confocal microscope). When the substrate is steel, the 
presence of cohesive and adherent damage is observed; while for the WC-Co substrate, only adhesion failure can be seen. 

P(N) Steel 1.2344 WC-Co 

45 

 

 

80 

  

 

 In Table 14, the images taken by SEM are observed. When the test is carried out at a load of 45 N, for 

the steel substrate, it is seen that the plastic deformation of the substrate has begun. In this case, a 

large number of semicircular cracks are observed, which correspond to the adhesive damage discussed 

above. As the load increases, deformations are found, accompanied by a more intense loss of local 

coating. On the other hand, when the analyzed substrate is WC-Co, when applying a load of 45 N, it is 

not possible to observe significant damage since said load is not sufficient for this substrate. As 

previously explained, this is due to the hardness of said substrate. It is expected that when analyzing 

the SEM images for higher loads, the presence of the adhesive damage presented by said matrix will 

be observed. 
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Table 14. Images of the failure modes according to the applied load (SEM). When the substrate is steel, for 45 N loads, the 
presence of damage is observed in the samples; while for the WC-Co substrate, no damage is observed. 

P(N) Steel 1.2344 WC-Co 

45 
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7. Multilayer CrAlN/CrAlO coating 

As mentioned in the previous chapters, the first coating formulations were: TiN and CrN. As these had 

certain limitations at temperatures higher than 450º C, thanks to scientific advances, ternary coatings 

have been developed. Thus, by adding elements such as oxygen or aluminum, it is possible to improve 

properties such as wear resistance, hardness, oxidation resistance at temperatures above 500ºC [40]. 

An example of this is CrAlN, which will be studied in this chapter, using and comparing the effects of 

two classes of substrates and different bilayer thicknesses for the coating. 

 

7.1. Topographical and mechanical characterization 

7.1.1. Microhardness 

The load bearing capacity indentations were made on the coating surfaces under load, using the 

microhardness machine with a Vickers indenter. The impressions left on the surface of the sample were 

examined by confocal microscopy. The hardness of all the samples, measured under the load Hv5, is 

represented in the Table 15. In the Figure 16, the traces obtained when performing the test can be 

observed when the bilayer thickness is λ19 nm, for both types of substrates. 

       
Figure 16. Micro hardness footprint (λ 19 nm). a) Substrate: Steel 1.2344; b) Substrate: Inconel. In both cases it is observed 

that the substrate is deformed and that, in turn, the coating presents microcracks. 

 

Table 15. Hardness values for multilayer coatings with different bilayer thickness 

Substrate  Uncoated Λ27 nm Λ19 nm Λ14 nm Λ8 nm 

Steel 1.2344  559 Hv5 995±55 Hv5  691±42 Hv5 653±8 Hv5 675±10 Hv5 

Inconel  334 Hv5 570±21 Hv5 517 ±10 Hv5 486±12 Hv5 523±3 Hv5 
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Figure 17. Hardness vs bilayer thickness for both substrates: Steel 1.2344 and Inconel. 

 

Clearly, an increase in hardness is seen depending on the type of coating, going from 559 Hv5 (5,48 

GPa) for the uncoated sample [132], to 675 Hv5 (6,62 GPa) for the coated steel 1.2344 substrate with 

a bilayer thickness of λ8 nm. In the other hand, when the substrate is Inconel, the hardness goes from 

334 Hv5 (3,374GPa) [138] for the uncoated sample, to 523 Hv5 (5,13 GPa) when the bilayer thickness 

is λ8 nm. This means a 21 % more for the case of the steel and a 52 % more for the Inconel. Therefore, 

it can be seen that as mentioned before, the multilayer coating generates an improvement in the 

hardness of the material. In this way, it can be seen that the hardness is determined by the 

characteristics of the coating (such as thickness, porosity, microcracks and microstructure). These high 

hardness values come from the nanometric size of the grains, which lead to a higher density of grain 

boundaries per unit volume. It also induces to hinder the displacement of the existing dislocations in 

the coating. Another factor that contributes to hindering the movement of dislocations, is the greater 

number of interfaces between the layers, which results in a further increase in hardness [139] [140]. 

 On the other hand, it can be seen that as the thickness of the bilayer increases, so does the value of 

hardness. For example, when the substrate is steel, in the case of a thickness of λ8 nm, the hardness 

value is 675 Hv5 (6,62 GPa), while when the thickness is λ27 nm, its corresponding hardness value is 

995 Hv5 (9,758 GPa). This represents an increase in hardness of 47%. This is in agreement with previous 



Micro-mechanical evaluation of hard coatings 

  63 

studies, where hardness values of 23,1 GPa have been obtained for a sample with 10 bilayers, and 29,8 

GPafor a sample with 100 bilayers of CrN / TiN [25]. 

If for the same bilayer thickness value, for example λ19 nm, the hardness values obtained when the 

substrate is 1.2344 steel and INCONEL are compared, it can be seen that in the first case the value 

obtained is 691 ± 42 Hv5, while in the second case is 517 ± 10 Hv5. This means that steel has a 33% 

hardness value than Inconel. This can be verified, if the values reported by literature for both uncoated 

substrates are compared. Thus, it can be seen that 1.2344 steel has a 67% higher hardness value(Figure 

17). This difference in hardness values is due to the fact that, as explained in section 3.4.2, tool steel 

has 4% chromium. This results in the formation of carbides, which are responsible for the hardness of 

the material. On the other hand, as explained in section 4.1.2, Inconel 718 has several elements that 

help increase the hardness of the material through solid solution hardening. But these good 

mechanical properties, occur at high working temperatures. For this reason, 1.2344 steel has a higher 

hardness value.  

 

7.1.2. Spherical indentation 

Through the spherical indentation test, the indentation footprint radio has been obtained for each 

applied load. As previously mentioned, through the Hertzian tests it is possible to obtain the stress-

strain strain curve of homogeneous and coated materials. The Figure 18 and Figure 19, shows the 

strain-strain curves of indentation. In the Table 16 and Table 17, the traces obtained by confocal 

microscopy are observed after performing the spherical indentation tests. 

It can be seen that when small loads are applied, a greater recovery is seen in deep penetration during 

discharge. How was it discussed in Section 3.5.2, this corresponds to a linear elastic response of the 

material. In addition, the diameter of the indentation footprint in these cases is smaller. But as the 

applied load increases, the footprints generated tend to be of greater diameter and depth, and 

therefore, the contact pressure will be greater. In other words, irreversible deformation of coated 

systems occurs through traces of residual surface. At the beginning of the plastic flow in the substrate, 

the coating is forced to deform accordingly. Since it cannot accommodate the resulting deformation of 

the substrate, stresses develop parallel to the surface of the substrate within the coating [134].  

In the Figure 18 and Figure 19, the evolution of plasticity can be observed for both substrates, as the 

applied tension increases. For example, for the data obtained for the Inconel substrate (Figure 18), It 

is seen that the deformation of the substrate begins to be plastic from pressure values of around 2,4 

GPa. And as the applied stress increases, so does that plastic deformation. In turn, from a contact 

pressure of around 4 GPa, a zone of yielding is evident. This same trend can be observed when the 
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substrate is 1.2344 steel (Figure 19). In this case, the plastic deformation begins to be observed from a 

contact pressure of 3 GPa. In addition, yielding begins to be evident from pressure values of 5,5 GPa. 

On the other hand, the influence of the coatings used can be analyzed, based on the experimental data 

obtained. As seen in the Figure 18 and Figure 19, for both substrates, similar contact pressure values 

are obtained for the different bilayer thicknesses used. The same, can be seen in the Table 16 and Table 

17, where for the same indentation load but different bilayer thickness, it is observed that the 

indentation tracks obtained are similar. This occurs, because the thicknesses of the multilayer coatings 

are very thin, and the indentation sphere used is much greater than the same (2,5 mm). Therefore, 

maximum shear stresses placed within the base material are generated [49]. In this way, it can be 

affirmed that the bilayer thicknesses have little influence on the evolution of the plastic deformation, 

since it is quite controlled by the deformation of the substrate. 

Therefore, the influence of the substrate on the material must be considered. In the Figure 20, the 

effects of the two substrates used have been compared. It can be seen that during the entire 

indentation test, the steel shows higher values for the contact pressure. As mentioned above, the 

pressure with which plastic deformation is evident is 25% higher when the substrate is steel. In turn, 

for this substrate, the pressure to obtain yielding is 38% higher. In addition, if the indentation footprints 

obtained are compared, at the same load, for both substrates, it will be seen that their diameter is 

greater in the case of Inconel. The same is due to the fact that, in the case of Inconel, the substrate is 

not hard and rigid enough. Then flexing of the substrate material or plastic deformation and 

performance on the substrate, lead to premature failure of the coating. Therefore, Inconel has more 

plasticity than steel 1.2344. 
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Figure 18.Substrate: Inconel: Spherical indentation stress- strain curve for different bilayer thickness 
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Figure 19.Substrate: Steel 1.2344: Spherical indentation stress-strain curve for different bilayer thickness. 
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Figure 20. Substrate: Steel 1.2344 and Inconel; Spherical indentation stress-strain curve; for bilayers thickness λ27 nm and λ8 

nm. 
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Table 16. Images of the footprint obtained with spherical indentation, taken by confocal microscope. Substrate: Inconel. It can 
be seen that as the load increases, so does the indentation footprint diameter. 

P(N) Λ27 nm Λ19 nm 
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Table 17.  Images of the footprint obtained with spherical indentation, taken by confocal microscope. Substrate: DIN 1.2344. 
It can be seen that as the load increases, so does the indentation footprint diameter. 

P(N) Λ27 nm Λ19 nm 
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When the applied load is high enough, the stresses generated are enough to cause cracks in the layer. 

In this way, the appearance of a higher number of cracks in the surface of the coating is promoted. This 

behavior, is associated with the release of residual stresses induced by the quasi-plastic displacement 

of the layer when trying to follow the plastic deformation of the substrate. As the applied load 

increases, irreversible deformation of the coated system occurs through traces of residual surface 

[135]. 

As an example, in Figure 21 there is the steel λ 19 nm bilayer thickness case, where it can be seen what 

happens when the applied indentation load is higher. It can be seen that when the applied load is 

between 200 and 1.200 N, the presence of circumferential fissures is not observed. But when this load 

is 1.800 N, scattered cracks begin to be observed. By applying a higher load, 2.400 N in this case, it can 

be seen a higher number of cracks around the edges of the indentation footprint. As can be seen in 

Table 18 and Table 19, for all the analyzed bilayer thicknesses and both substrates, it can be seen that 

from a load of 1.800 N, dispersed circumferential cracks are produced on the surface of the coating. In 

all cases, by applying a higher load, as is the case with 2.400 N, a higher number of cracks can be 

observed in the samples. This is generated because, the radial tensile stresses and the stresses in the 

vicinity of the residual impressions are high enough. In other words, the critical load for circumferential 

cracks to appear is the same for different bilayer thicknesses, and depends on the load transfer of the 

plastically deformed substrates into the coating. This is because, as previously mentioned, the coating 

has a negligible influence on the plastic response of the coated system [135] . In the Table 18, for the 

case where the bilayer thickness is λ 14 nm and the applied load is greater than 1.800N, significant 

radial cracks are revealed on the surface of the samples. As it only happened in this case, it is possible 

that it was caused by a heterogeneity presented by the coating. 
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Figure 21. Steel λ19: Circumferential cracks discerned under monotonic spherical indentation loading a) 200 N, b) 600 N, c) 

1.200 N, d) 1.800 N, and e) 2.400 N 
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Table 18. Images of circumferential cracks obtained under spherical indentation, taken by SEM. Substrate: Inconel. It can be 
seen that from an applied load of 1.800 N, circumferential cracks begin to appear around the indentation footprint. 

Λ(nm) 1.800 N 2.400 N 
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Table 19. Images of circumferential cracks obtained under spherical indentation, taken by SEM. Substrate: DIN 1.2344. It can 
be seen that from an applied load of 1.800 N, circumferential cracks begin to appear around the indentation footprint. 

Λ (nm) 1.800 N 2.400 N 

27 

  

19 
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7.1.3. Adhesion: Scratch test 

In order to quantify the adhesion of the coatings to the substrate, the scratch test was performed, 

applying a linear load on the coating, through a Rockwell C type indenter. In the Table 20, the results 

obtained are presented. There are the critical load values for the appearance of cohesive (Lc1), and 

adhesive (Lc2) failure. These indicate the moment in which the appearance of the first coating failure 

is observed, until it becomes continuous. As when the monolayer coatings were analyzed, in all cases 

the registered critical load for adherence was higher than 30N. Therefore, the adhesion of the coating 

can be considered satisfactory, for applications where there is sliding contact [136]. 

Looking at the images of all types of coatings and substrates (Table 21 and Table 22), two types of 

damage mechanisms can be seen. On the one hand, "tensile cracking" damage is observed, which 



Micro-mechanical evaluation of hard coatings 

  75 

forms behind the contact between the penetrator and the surface of the sample, and spreads from 

the surface through the coating to the substrate. These are due to the presence of cohesive stresses, 

generated by sliding the tip. This type of failure is considered cohesive, and is common on very fragile 

substrates. On the other hand, the other mechanism of damage that can be observed is known as 

spallation. These are formed in front of the penetrator, which is in displacement, due to the presence 

of compression stresses in this place. This failure is due to accumulation of the coating material on the 

front and side of the indenter. This failure is considered an adhesion failure, and occurs where the 

adhesion of the layer is weak. This is because the accumulated elastic energy can cause the material to 

fracture [137]. 

As an example, in the Figure 23, these two described failure mechanisms can be observed. In this case, 

it is Inconel λ19 nm, which was subjected to the scratch test. As mentioned, the first observed damage 

is due to cohesive stresses. In the Figure 23 (a), it is possible to see the characteristic marks of stress 

damage. The other damage mechanism that could be observed was at a higher critical load, and 

corresponds to adhesion failure. In Figure 23 (b), the beginning of the delamination of the coating is 

observed. Finally, when the test is performed at an applied load higher than Lc2, greater delamination 

of the coating occurs. This situation can be seen in the Figure 23 (c). As can be seen in the Table 21 and 

Table 22, these failure mechanisms have occurred for all the coatings and substrates analyzed in this 

section. 

As can be seen in the Table 20 and Figure 22, the critical load values for the cohesive failure to occur 

are lower than those corresponding to the adhesive failure. This means that cohesive failures appear 

first, and then adhesive failures. It can be seen, for example, when the substrate is Inconel and the 

bilayer thickness is λ19 nm. In this case Lc1 is 27 N, while Lc2 is 35 N, that is, the critical load for the 

adhesive failure is 29,6% higher than that corresponding to the cohesive failure. The same occurs when 

the substrate is 1.2344 steel, when for the same case in question, the load for the adhesive failure to 

occur is 12,5% of the load corresponding to the cohesive failure. 

As can be seen in the Table 20, the critical load for the delamination to occur, increases with the 

thickness of the coating, and in turn also increases the width of the delamination. For example, if it is 

considered for the case in which the substrate is Inconel, it can be seen that when the thickness is λ8 

nm the critical load is 25 N (Lc1) and 33 N (Lc2) respectively. While when the bilayer thickness is λ27 

nm, these loads are 29 N and 43 N, that is, they increased by 16% and 30%. The same happens when 

the substrate is 1.2344 steel. In this case, the increase in loads for the same two-layer thicknesses are 

15% and 16%. This is in accordance with what was studied by Mittal et. al [141], for CrN and TiN 

coatings. Where, for a CrN coating, they have obtained a critical load of 11 N for a coating thickness of 

10 µm and a load of 22 N for a thickness of 23 µm. This behavior can be explained with the increase in 

the adhesion energy of the system, since the greater number of bilayer thickness in the multilayer 
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coating allows an attenuation of the energy transferred by the external load applied. In this sense, the 

adherent layer can absorb a large amount of the energy through elastic or elastoplastic deformations. 

Therefore, the growth and advancement of micro cracks that form during scratching is blocked, 

improving the adhesion of the coating. In addition, it contributes to the relaxation of residual efforts, 

improving adhesion [141].  

The influence of the substrate must also be considered. Bull Et al, investigated the influence of two 

substrates: bearing steel and aluminum 2024, on CrN and TiN coatings. Thus, they found that the 

damage that occurs on the two scratch tracks is completely different. The adhesion test could not be 

performed on the Al alloy, since the loading was beyond the loading capacity of the relatively soft 

substrate. Therefore, they concluded that thin coatings cannot withstand these stress conditions if the 

substrate is not hard enough [142]. The same can be seen when comparing, at the same coating 

thickness, the critical head values and the appearance of the faults for both substrates. Therefore, it is 

found that in the case of Inconel substrate, a lower critical load value is obtained for the appearance 

of faults. This is because, as previously stated, the Inconel substrate has a lower hardness value 

compared to 1.2344 steel. The same can be seen in the Table 20, where for example for a bilayer 

thickness of λ19 nm, it is seen that Lc1 for 1.2344 steel is 40 N while for Inconel said load is 27 N, that 

is 48% higher in the case of 1.2344 steel. If the same values are compared but for Lc2, it can be seen 

that in the case of 1.2344 steel, the load is 28,6% higher than when the substrate is Inconel. 

 

Table 20. Critical load values for the appearance of cohesive (Lc1) and adhesive (Lc2) failure.  

 INCONEL STEEL 1.2344 

 Lc1(N) Lc2(N) Lc1(N) Lc2(N) 

Λ27 nm 29 43 45 50 

Λ19 nm 27 35 40 45 

Λ14 nm 26 34 35 44 

Λ8 nm 25 33 39 43 
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Figure 22. Critical load (Lc1 and Lc2) vs Bilayer thickness for both substrates: Inconel and Steel 1.2344 

   

 
Figure 23. Confocal images of scratch test in multilayer coating (bilayer thickness of λ19 nm) deposited on Inconel showing: a) 
tensile cracks (Lc1~27 N), b) delamination emergence (Lc2~35 N), and c) delamination of film when the applied load is 100N. 
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c 

Scratch direction 
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Table 21. Images of the failure modes according to the applied load for Inconel substrate (Confocal microscope). In all cases, 
at an applied load of around 30 N, cohesive damage is observed. When a load of between 30-60 N is applied, the presence of 

adhesive failure is observed. 

Λ 

(nm) 

30 N 60 N 100 N 

27  

   

19  

   

14  

   

8  
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Table 22.  Images of the failure modes according to the applied load for steel 1.2344 substrate (Confocal microscope). In all 
cases, cohesive failures were observed at a load greater than 35 N. At loads of around 40 N, the failure by adhesion is 

observed. 
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In the images taken through SEM (Table 23 and Table 24), when a 30N load is applied, a droplets 

structure may be observed. By applying a higher load (60 N), the multilayer coatings peel off as an 

additional damage mechanism. In this way, the coating becomes thinner and its intrinsic 

microstructure is distorted. From this load value, localized and gradual exposure of the substrate is 

evident.  
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Table 23..SEM Images of Scratch test footprint on coating for Inconel substrate. For an applied load of 30 N, microdroplets are 
observed, while applying a higher load the multilayer coatings peel off. 
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Table 24. SEM Images of Scratch test footprint on coating for steel 1.2344 substrate. For an applied load of 30 N, 
microdroplets are observed, while applying a higher load the multilayer coatings peel off. 
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8. Monolayer vs Multilayer coating 

As mentioned above, metals are coated to improve properties such as: wear resistance, hardness, and 

oxidation resistance of steel cutting tools. These coatings can be monolayer or multilayer. In this 

section, the differences obtained when using monolayer and multilayer coatings will be evaluated. 

 

8.1. Topographical and mechanical characterization 

8.1.1. Microhardness 

In Figure 24, the hardness values obtained for the monolayer and multilayer coatings are found. Based 

on these results, the effect of the coating and the substrate can be identified. 

The effect of the coating, can be analyzed based on the results obtained for the steel. On the one hand, 

when using a multilayer coating, higher hardness values are obtained than when using the monolayer 

coating. In turn, said values increase as the bilayer thickness of said coating increases. In this way, an 

increase in hardness from 19% to 76% is achieved through the use of bilayer thicknesses of λ8 nm and 

λ27 nm, compared to steel with a monolayer coating. As explained above, this improvement in 

hardness is due to grain size refinement and the large number of interfaces (deformation effects that 

block dislocation) that contribute between the multiple layers of the coating. This is in line with 

previous research, where multilayer tungsten nitride, was found to have better mechanical and 

tribological properties than the monolayer coating itself [143]. 

On the other hand, the effect of the substrate must be analyzed. Among the substrates analyzed, the 

one with the lowest hardness without being coated is Inconel (3,37 GPa). Then there is the steel, which 

without being coated, has a hardness 66% higher than Inconel (5,59 GPa). But in any case, said 

hardness is not sufficient to exceed the value corresponding to the WC-Co substrate. The latter has the 

highest hardness value without being coated, being 365% higher than the Inconel substrate. Even if 

the hardness of the coated steel with a layer thickness of λ27 nm is compared with the hardness of the 

single-layer WC-Co, the latter is found to have a 288% higher value. This indicates that this substrate, 

even without multi-layer coatings, has much higher hardness values. 
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Figure 24. Microhardness: Monolayer vs Multilayer. Substrate: Inconel, Steel 1.2344, and WC-Co. 

 

8.1.2. Spherical indentation 

Figure 25, for the same substrate (steel 1.2344), it shows a comparison between the results found 

when using a monolayer coating and when using a multilayer with different bilayer thicknesses. Thus, 

it can be seen that the contact pressure for plastic deformation is around 3 GPa for steel with multilayer 

coatings. While for monolayer steel, the value of said pressure is 2,4 GPa. This means that when using 

a multilayer coating on steel, the contact pressure for plastic deflection to occur is 25% higher than 

when using a monolayer coating. As seen above, in both cases, as the applied load in the indentation 

test increases, so does the contact pressure, until yielding is reached. When using the monolayer 

coating, the value of yielding is 32% lower than when using multilayer coatings. 

Also, in the Table 25 for comparison, the indentation tracks corresponding to the monolayer steel and 

the multilayer steel with a bilayer thickness of 8 nm are found. In this way, it can be seen that, at the 

same applied load, the diameter and depth of the indentation footprint is higher when the coating is 

monolayer. In this case, for an applied load of 2.400 N, when using the monolayer coating the diameter 

obtained is 18% higher. This is because, as previously explained, when using multilayer coatings, an 

improvement in the hardness of the material is achieved and a less plastic deformation is obtained. 
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Figure 25.Substrate: Steel 1.2344: Spherical indentation stress-strain curve: Multilayer vs monolayer 
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Table 25. Images of the footprint of spherical indentation (Confocal microscope): Monolayer vs Multilayer. Substrate: DIN 
1.2344. It can be seen that when using a multilayer coating the diameter of the indentation footprint is smaller. 

P (N) Monolayer Λ8 nm 

1.200 

  

1.800 

  

2.400 

  

 

In the Table 26, It can be seen that both for the monolayer coating and for the multilayer coating, the 

first circumferential cracks appear when the load is 1.800 N. As discussed above, when the applied load 

is 1.800 N, few cracks are observed and scatter around the edges of the indentation footprint. By using 

a higher indentation load, the number of cracks increases considerably. On the other hand, it can be 
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seen that a greater number of circumferential cracks occurs when using the monolayer coating, and 

they are also more visible. This is in line with previous research, where it has been concluded that the 

multilayer structure can act as a crack inhibitor, thereby increasing the fracture resistance of the 

coating. Therefore, when multilayer coatings are used, lower residual stresses, better adhesion and 

higher microhardness values are obtained [144].  

 

Table 26. Images of the footprint obtained with spherical indentation (SEM): Monolayer vs Multilayer. Substrate: Steel 
1.2344. In both cases, from a load of 1.800 N, circumferential microcracks are observed. 

P(N) Monolayer Λ8 nm 

1.800 

  

2.400 
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8.1.3. Scratch test 

In the Figure 26,and Figure 27 the critical loads (Lc1 and Lc2) are graphed for monolayer and multilayer 

coatings. Based on these results, two types of observations can be made. 

On the one hand, the effect of the monolayer and multilayer coating must be analyzed. In Figure 26, 

for 1.2344 steel, it can be seen that when using a multilayer coating, the critical load for cohesive failure 

to occur is up to 73% higher than when it is a monolayer coating. In turn, for the same substrate, the 

critical load for adhesive failure to occur is up to 56% for a multilayer coating than for a monolayer. 

This difference found, demonstrates that the critical load for material failure is less when using 

monolayer coatings. This is in line with previous research, where it has been concluded that multilayer 

coatings improve the adhesion of the substrate coating [28] . 

On the other hand, the effect of the substrate on the critical load, can be analyzed (Figure 27). As 

explained above, for 1.2344 steel and Inconel substrates, coatings failures are due to a combination of 

adhesive damage (along the interface) and cohesive damage (within the coating). Furthermore, the 

lower the hardness of the substrate, this failure will be associated to a greater extent with a significant 

plastic deformation of the substrate material [137]. Since the Inconel substrate is the one with the 

lower hardness, the plastic deformation will be more significant than when the substrate is made of 

1.2344 steel. 

When it comes to the WC-Co substrate, failure of the monolayer coating is caused by release of the 

coating, associated with an adhesive fracture. Since this substrate has a very high hardness, coating 

failure occurs with little significant plastic deformation of the substrate. Due to this high hardness, it 

has the highest value for Lc2. In Figure 27, there is a comparison between the values of Lc2 that these 

materials present. Thus, it can be seen that this load is 16% higher than the load of λ27 nm multilayer 

steel. And also, it is 35% higher than corresponding Inconel multilayer λ27 nm. This is because even 

when 1.2344 and Inconel steel have multilayer coatings, they have lower hardness values than 

monolayer WC-Co. 
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Figure 26. Substrate: Steel 1.2344: Multilayer vs Monolayer: Critical load (Lc1 and Lc2) 
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Figure 27. Multilayer vs Monolayer: Critical load (Lc2). Substrate: Inconel, Steel 1.2344, and WC-Co 
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9. DLC 

9.1. Raman Epectroscopy 

DLC can be presented as an amorphous carbon (a-C), or a hydrogenated amorphous carbon (a-C: H) 

with a significant fraction of sp3 bonds. The DLCs with the highest sp3 content are called ta-C tetrahedral 

amorphous carbon and their hydrogenated analog is ta-C: H. The key parameters of interest in these 

materials are the content of sp3, the grouping of the sp2 phase, the orientation of the sp2 phase, any 

cross structure, and the H content. The sp3 content controls the elastic constants. But the films with 

the same content of sp3 and hydrogen, but different sp2 groupings, sp2 orientation or transverse 

nanostructure can have different optical, mechanicals and electronic properties. So, by optimizing the 

deposition conditions, it is possible to maximize the content of sp3 and therefore, films with higher 

hardness are obtained. [145]. The carbons are considered a resonant process, where the 

configurations whose band spaces coincide with the excitation energy are preferably excited. Any 

mixture of sp3, sp2 and sp1 carbon atoms always has a gap between 0 and 5,5 eV, and this energy range 

coincides with that of Raman IR-UV-UV systems. Therefore, through the compression of the Raman 

resonant process in carbon systems, the structural and electronic characterization can be carried out 

[145]. 

 

9.1.1. Spectral analysis 

As it can be seen in Figure 28, in all spectra in general two peaks around 1.560 cm-1 and 1.360 cm-1are 

shown for visible excitation, which are labeled as peaks G and D, respectively. Peak G, is originated 

from the stretching vibration of any pair of sp2 sites, whether in C=C chains or in hexagonal rings. Peak 

D, is due to the ring's breathing sp2 modes. The T peak is due to the C-C sp3 vibrations and appears only 

in UV excitation. The intensity ratio of peak D and peak G, I (D) / I (G), and the position of peak G, have 

been widely used for the qualitative estimation of sp3 content on DLC. In practical terms, the relation 

I(D) / I(G) is defined as relations of maximum heights and not as relations of maximum areas  [145]. It 

can be seen that each system presents a different dispersion of peak G, peak D, and I (D)/I (G). 
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Table 27. Values measured from Raman spectra for DLC coatings 

 G(cm-1) I(G) D(cm-1) I(D) I(D)/I(G) 

WC K01 1.573 5.704 1.360 5.3137 0,93 

TA K01 1.527 12.192 1.326 9.058 0,74 

TA 401 1.521 13.058 1.326 9.058 0,69 

WC 401 1.568 9.240 1.381 8.4057 0,91 

WC V01 1.560 8.155 1.383 7.446 0,91 

TA V01 1.536 6.206 1.328 4.429 0,71 
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Figure 28. Raman Spectra for DLC coatings. Substrates: Vancron, Vanadis-4, and K-360. 

 

From the position of the G band on a number, and following the model reported by Ferrari and 

Robertson [145] [145], it is possible to indicate the sp2 configuration of the material. In Figure 29, the 

values obtained for said position are found, for each sample analyzed. According to this model, the 

wave numbers of the G band at 1.580, 1.600, 1.510 and 1.570 cm-1 indicate the sp2 site of graphite, 

Peak G 

Peak D 
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nanocrystalline graphite (NC-graphite), amorphous carbon (a-c), and amorphous tetrahedral carbon 

(ta- c), respectively [145]. Thus, in the analyzed cases, samples TA V01, TA K01, and TA 401, show 

structural characteristics very close to the amorphous carbon structure (a-c) since they are located 

close to said structure. In this case, only sp2 rings are found in the structure. On the other hand, the 

samples cataloged as WC K01, WC V01, and WC 401 present a tetrahedral amorphous carbon structure 

(ta-c). This means that they have sp2 rings and chains.  
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Figure 29. Position G peak: Four structures are presented: nanocrystalline-graphite (NC-graphite), graphite, amorphous 

carbon (a-C), and tetrahedral amorphous carbon (ta-C). 

 

As mentioned above, it should be noted that structures known as amorphous tetrahedral carbon (ta-

c), have a higher content of sp3 bonds than amorphous carbon structures. To confirm this, the I(D)/ I(G) 

ratio that normally correlates with the sp3 / sp2 fraction was evaluated. Therefore, it is expected that 

those structures that present a higher content of sp3 enhancements, have a higher index I(D) / I(G). In 

the samples analyzed (Figure 30), the highest value for this relationship was obtained for the WC K01 

case (with a value of 0,93), followed by the WC 401 and WC V01 samples (0,91). This means that this 

samples are the ones with the highest number of graphical layers with sp3 bonds. On the other hand, 

for the sample’s TA K01, TA V01 and TA V01, the values obtained were 0,74, 0,71 and 0,69 respectively.  
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Figure 30. ID/IG ratio. Increase in the ID/IG ratio represents the increase in sp3 contents of the films. 

 

The presence of a D peak is consistent with the spectrum of aromatic hydrocarbons. Therefore, if a 

clear D peak is observed, it means that it is due to the ring's breathing modes. But, if, on the contrary, 

a D peak is not observed, it means that there is an absence of rings [145]. In the samples analyzed, TA 

V01, TA K01, and TA 40, peak D is less defined. Therefore, it can be assumed that they have fewer 

aromatic rings. 

In turn, as previously mentioned, the sp3 concentration, the existence of a D peak, and therefore of 

aromatic rings, are related to the mechanical properties of the samples. Therefore, it could be assumed 

that those films that present a higher concentration of said links would have a higher hardness. These 

same would be the samples: WC V01, WC K01, and WC 401. 
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10. Conclusions 

Throughout the master's thesis, two types of analysis were performed. On the one hand, tests for 

hardness, spherical monotonic indentation, and scratching of the monolayer and multilayer coatings 

were carried out. Therefore, the micromechanical properties of these have been analyzed and the 

effects of the films and the substrates used have been compared. On the other hand, through Raman 

spectroscopy, the spectra obtained for different DLC films have been analyzed, in order to distinguish 

the phases present in each one and predict which ones would have better mechanical properties. In 

this way, the following conclusions have been drawn: 

1. Monolayer and multilayer coatings 

Hardness 

• By using a multilayer coating, the hardness is improved compared to that provided by a 

monolayer. In turn, as the bilayer thickness of the coating increases, the hardness too. 

• For the analyzed substrates, WC-Co presents the highest hardness value followed by 1.2344 

and Inconel steel. 

Monotonic spherical indentation 

The monotonic spherical indentation test was performed, and the contact behavior of each analyzed 

material was evaluated, thus obtaining the following conclusions: 

• When using a multi-layer coating, both the contact pressure for plasticity to occur, and the 

pressure to enter the yielding zone are greater than when working with monolayer coatings. 

In turn, the indentation traces resulting from the test are higher when working with single-

layer coatings than with multiple layers. 

• As the indentation load increases, so does the footprint obtained in the sample and, therefore, 

the contact pressure, and therefore, the plastic deformation. 

• No significant influence on plastic deformation was observed, when using different bilayer 

thicknesses in multilayer coatings. Therefore, the substrate is who controls said deformation. 

• A relationship was found between the hardness of each substrate and the results obtained 

using spherical indentation. By increasing the value of hardness, plasticity decreases. In other 

words, Inconel has the highest plasticity value, followed by 1.2344 steel and finally WC-Co. 

• From SEM images and confocal microscopy, it was possible to analyze the indentation tracks 

and their possible appearance of circumferential cracks. From an applied load of 1.800 N, on 

the Inconel and 1.2344 steel substrates, circumferential cracks around the indented surface 
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begin to be observed. As the applied load increases, so does the number of cracks observed. 

This effect was not observed in the case of WC-Co. 

Scratch test 

Through the scratch test, the adherence of the coating and the substrate was analyzed, finding 

the following main items: 

• From SEM images and confocal microscopy, the damage mechanisms present in each 

case could be identified. For the 1.2344 and Inconel steel substrates, the damage by 

tensile cracking, known as cohesive failure, could be observed. With this, it was found 

that cohesive damage occurs mainly when it comes to substrates with lower hardness 

values. The critical load for this failure to occur is less than the adhesive damage load. 

• For all the substrates analyzed, the presence of adhesion failure was observed. In all 

cases, the value of that load was higher than the minimum value (30N), that it must 

have to consider a good adhesion of the coating with the substrate. 

• When using multi-layer coatings, the critical load for adhesion failure to occur is 

higher. In turn, said load increases as the bilayer thickness of said coatings increases. 

Thus, an improvement in adhesion was achieved by using multi-layer coatings. 

• A relationship was found between the hardness of the substrates and the critical load 

for adhesion failure. As the substrate presents a greater hardness, this load is greater. 

Therefore, the highest value for the critical load Lc2 is obtained when the substrate is 

WC-Co, followed by 1.2344 steel and finally Inconel. 

 

Therefore, it can be concluded that due to the superior hardness of the WC-Co substrate, 

better micromechanical properties are obtained in the system composed of said substrate and 

a monolayer coating. 

 

2. DLC coatings 

The spectra obtained by Raman spectroscopy were analyzed, from which the following 

conclusions could be drawn: 

• In each spectrum, one peak (peak G) around 1560 cm-1 corresponding to the 

stretching vibration of sp2 bonds (chains or rings) was identified, and another (peak D) 

around 1360 cm-1, due to the modes ring sp2 respiration. 

• Taking into account the position of the G peak, the sp2 configuration of each material 

could be indicated. Thus, it was found that three samples (TA K01, TA 401, and TA 

V01) have a structure of the amorphous carbon type (a-c), and another three (WC 

K01, WC 401, and WC V01) of the amorphous tetrahedral carbon type (ta-c). 
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• Through the spectra, the presence of peak D could be observed more clearly in the 

case of samples whose structure is of the amorphous tetrahedral carbon type. This 

indicates that they present a greater quantity of aromatic carbides. 

• The relation I (D) / I (G) was evaluated, being able to see that the structures that 

present a higher content of sp3 bonds are known as tetrahedral amorphous carbon. 

• Structures with more sp3 bonds and aromatic carbides are expected to have higher 

hardness. 
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11. Future work 

Due to the situation it was been through, it was not possible to carry out some additional tests for 

further analysis. For this reason, below is a detail of recommended trials as future work. 

Residual stress analysis 

For the performance of coatings, residual stresses must be considered. This is because they can cause 

damage and initiate cracks, leading to failure of the entire system or coating. This also directly affects 

mechanical properties such as hardness, elastic modulus, and adhesion between the coating and the 

substrate. In this way, if it is possible to understand and control the residual stresses that develop in 

these systems, it is possible to increase the performance and reliability of the parts [146]. 

There are residual stress measurement techniques that involve controlled removal of material and 

subsequent measurement of surface tension relief. When new free surfaces are created within the 

sample, a redistribution and a rebalancing of stresses occurs. If this stress relief can be measured with 

adequate precision, then the pre-existing residual stress state can be deduced with the help of Hooke's 

law. This is the approach used by focused ion beam digital image correlation (FIB-SEM) procedures 

[147] [148]. 

To perform this test, a Zeiss Neon 40 FIB-SEM cross beam, which has an ion beam column and an 

electron beam column, should be used. In this way, for each sample analyzed, an image will be 

obtained before removing material and another image after that action. Thus, when comparing them, 

it will be possible to obtain an estimate of the residual stresses present in each coating used. In the 

Table 28, are the conditions that are suggested to be used to carry out this test. 

 

Table 28. FIB-SEM suggested test conditions. 

Stream (mA) 200; 100 

Increases 7.000; 10.000 

Number of passes 2; 3 

Geometry Double slot 

Depth (µm) 3; 5 
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Nano scale analysis 

In order to be able to carry out a mechanical characterization of the coated systems, that includes the 

evaluation of the effective hardness (H) as a function of the depth of penetration, and inelastic modulus 

(E), it is proposed to carry out a nanoindentation test. The advantage of performing nanoindentation 

over indentation, is that grooves can be made in a small fraction of the thickness of the coating. 

Therefore, the mechanical properties of the coating can be measured in relative isolation of the 

substrate material. The general rule is that for the measured hardness to be only that of the coating, 

the indentation depth should be limited to about one-tenth the thickness of the coating [118]. For this 

test, a XP nanoindenter (Agilent Technologies) equipped with a continuous stiffness measurement 

module must be used, which allows a dynamic determination of hardness and elastic modulus during 

indentation. In the Table 29, the recommended test conditions are found. 

 

Table 29. Recommended conditions for the nanoindentation test. 

Penetration depth (nm) 2.000 

Maximum applied load (mN) 650 

Distance betwenn each print (μminorder) 50 

Deformation speed (s-1) 0,05 

 

On the other hand, it is recommended to perform the scratch (or sliding contact) test, on a nanometric 

scale. For this, a nano-scratch accessory must be connected to the nanoindenter system mentioned 

above. In the Table 30, the recommended test conditions are presented. 

In the case of the WC-Co substrate, as it happened with the micro-scale tests for indentation and 

scratching, it is possible that the load to be applied to observe the presence of damage is greater than 

for the other two substrates analyzed. 
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Table 30. Recommended conditions for the nano scratch test. 

Penetrator Berkovich 

Maximum load (mN) 500 

Speed (µm/s) 10 

Scratch length (µm) 500 

Interval length (µm) 500 

 

Mechanical tests for DLC coatings 

In the section 9.1.1, dedicated to DLC coatings, the Raman spectra corresponding to each material have 

been analyzed. In order to be able to relate these spectra to the mechanical properties, it is 

recommended to carry out the micromechanical tests done for the other coatings analyzed. That is to 

say, a hardness test, monotonic spherical indentation and scratch, observing the results obtained by 

optical microscopy, conofcal microscopy and SEM. In this way, these mechanical results can be related 

to those obtained for the different structures analyzed for DLC coatings. In turn, the idea is to be able 

to compare the properties presented by DLC coatings with those and multi-layer coatings. Thus, a 

choice of the most suitable film could be made. 

To perform such mechanical tests, it is recommended to use the conditions used for multilayer 

coatings, so that these results are comparable. It should be borne in mind that, as it was  mentioned in 

section 3.3.1.4, DLC films have high value of the hardness. Therefore, it is possible that the loads 

applied for indentation and scratching, must be greater than the ones used for the multilayer coatings, 

in order to observe the appearance of damage. 

 



Micro-mechanical evaluation of hard coatings 

  101 

12. Bibliography 

 

[1]  B. Navinsek, P. Panjan i A. Cvelbar, «Characterization of low temperature CrN and TiN (PVD) 

hard coatings. Surface and Coatings Technology,» 1995, pp. 74-75; 155-161. 

[2]  O. Durand-Drouhina, «Mechanical properties and failure modes of TiAl(Si)N single and 

multilayer thin films. Surface and Coatings Technology,» 2003, pp. 260-266. 

[3]  C.-L. Chang, J.-W. Lee i M.-D. Tseng, «Microstructure, corrosion and tribological behaviors of 

TiAlSiN coatings deposited by cathodic arc plasma deposition,» de Thin Solid films, 2009, pp. 

5231-5236. 

[4]  P. Martin, «Handbook of deposition technologies for films and coatings :science, applications 

and technology,» Amsterdam, Elsevier, 2012.  

[5]  O. Nakonechna, «On the behaviour of indentation fracture in TiAlSiN hard thin films. Thin Solid 

films,» 2004, pp. 406-412; 447-448. 

[6]  H.-W. Chen, «Oxidation behavior of Si-doped nanocomposite CrAlSiN coatings. Surface and 

Coatings Technology,» 2010, pp. 1189-1194. 

[7]  R. Edwards, «Cutting tools: Institute of Materials.,» 1993.  

[8]  R. Bunshah, «Handbook of hard coatings. 2001,» 2001, p. 550. 

[9]  T. Childs, «Metal Machining: Theory and Applications,» 2000.  

[10]  B. Bhushan, «Principles and Applications of Tribology,» Wiley, 1999. 

[11]  B. Bhushan, «Introduction to Tribology,» Wiley, 2002. 

[12]  M. NEALE, «Tribology Handbook,» Elsevier Science, 1996. 

[13]  M. Peterson, «Wear Control Handbook,» Asme Publications, 1985. 

[14]  H. Dong, «Development of novel surface engineering technologies for Ti6A14V alloy, in 

Department of Metallurgy and Materials,» Birmingham, 1997. 



  Micro-mechanical evaluation of hard coatings 

102   

[15]  A. Sarkar, «Friction and wear,» Academic Press, 1980. 

[16]  B. Bhushan, R. Davis i H. Kolar, «Metallurgical re-examination of,» de wear modes II: adhesive 

and abrasive. Thin Solid films, 1985, pp. 113-126. 

[17]  M. Nordin, M. Herranen i S. Hogmark, «Influence of lamellae thickness on the corrosion 

behaviour of multilayered PVD TiN/CrN coatings. Thin Solid films,» 1999, pp. 202-209. 

[18]  S. Kim, «Deposition of superhard TiAlSiN thin films by cathodic arc plasma deposition. Surface 

and Coatings Technology,» 2005, pp. 1391-1394. 

[19]  M. Faga, «AlSiTiN nanocomposite coatings developed via Arc Cathodic PVD: Evaluation of wear 

resistance via tribological analysis and high speed machining operations. Wear,» 2007, pp. 

1306-1314. 

[20]  S. Veprek i M.J.G, « Industrial applications of superhard nanocomposite coatings. Surface and 

Coatings Technology,» 2008, pp. 5063-5073. 

[21]  T. Bell, «Surface and engineering: past, present and future,» de Surface Engineering, 1990, pp. 

31-40. 

[22]  T. Bell, «Surface engineering: its current and future impact on tribology.,» Journal of Physics D: 

Applied Physics, p. A297, 1992.  

[23]  R. Bunshah, «Handbook of hard coatings. 2001,» NY: Noyes, 2001, p. 550. 

[24]  W. Grzesik, «Advanced Protective Coatings for Manufacturing and Engineering.,» Carl Hanser 

GmbH, 2003.  

[25]  B. Bhushan, «Modern tribology handbook: Principles of tribology.,» de The Mechanics and 

Materials Science Series, CRC PressINC, 2001.  

[26]  H. Rebenne i D. Bhat, «Review of CVD TiN coatings for wear-resistant applications: deposition 

processes, properties and performance,» de Surface and Coatings Technology, 1994, pp. 1-13. 

[27]  H. Holleck i V. Schier, «Multilayer PVD coatings for wear protection Surface and Coatings 

Technology,» 1995, pp. 328-336. 



Micro-mechanical evaluation of hard coatings 

  103 

[28]  S. Yao, «Tribology and oxidation behavior of TiN/AlN nano nanomultilayer films,» de Tribology 

International, 2006, pp. 332-341. 

[29]  N. Carvalho, « Stress analysis and microstructure of PVD monolayer TiN and multilayer 

TiN/(Ti,Al)N coatings,» de Thin Solid films, 2003, pp. 179-189. 

[30]  S. PalDey i S. Deevi, «Single layer and multilayer wear resistant coatings of (Ti,Al)N: a review,» 

de Materials Science and Engineering, 2003, pp. 58-79. 

[31]  T. Cselle, «Nanostructured Coatings and Processes on an Industrial Scale, in Advanced Coatings 

and Surface Systems for Cutting Tools & Wear,» de Parts Gorham Conference, Atlanta, GA, USA, 

2002.  

[32]  X.-z. Ding, X. Zeng i Y. Liu, «Structure and properties of CrAlSiN Nanocomposite coatings 

deposited by lateral rotating cathod arc,» de Thin Solid films, 2011, pp. 1894-1900. 

[33]  P. Briois, «Structural and Mechanical Properties of (Al,Cr)N and (Al,Cr)SiN Coatings Reactively 

Sputter Deposited.,» de Plasma Processes and Polymers, 2007, pp. S677-S680. 

[34]  S. Kim, «Effect of cathode arc current and bias voltage on the mechanical properties of CrAlSiN 

thin films,» de Surface and Coatings Technology, 2008, pp. 5400-5404. 

[35]  D. Lee, T. Nguyen i S. Kim, «Air-oxidation of nano-multilayered CrAlSiN thin films between 800 

and 1000 °C,» de Surface and Coatings Technology, 2009, pp. 1199-1204. 

[36]  J. N. Cubero i L. Llanes, «Comportamiento por contacto esférico de dos sistemas con 

recubrimiento WC/C bajo cargas monotónicas y cíclicas,» Barcelona, 2007. 

[37]  W. D. Sproul, «Physical vapor deposition tool coatings,» USA, 1996. 

[38]  O. Nakonechna, «On the behaviour of indentation fracture in TiAlSiN hard thin films.,» de Thin 

Solid films, 2004, pp. 406-412. 

[39]  S. Zhang i W. Zhu, «TiN coating of tool steels: a review,» Journal of Materials Processing 

Technology, pp. 165-177, 1993.  

[40]  E. Vera, «A study of the wear performance of TiN, CrN and WC/C coatings on different steel 

substrates. Wear,» 2011, pp. 2116-2124. 



  Micro-mechanical evaluation of hard coatings 

104   

[41]  W. Sproul, Cutting Tool Eng, 1994.  

[42]  J. Lin, «CrN/AlN superlattice coatings synthesized by pulsed closed field unbalanced magnetron 

sputtering with different CrN layer thicknesses,» de Thin Solid films, 2009, pp. 5798-5804. 

[43]  Y. Xu, Fabrication of nanocomposite Ti-Al-Si-N films deposited by reactive unbalanced 

magnetron sputtering and their proterties-modification by high energy and Engineering 

Management, Hong Kong, 2009, p. 96. 

[44]  H. Jehn, «Multicomponent and multiphase hard coatings for tribological applications,» de 

Surface and Coatings Technology, 2000, pp. 433-440. 

[45]  S. Ulrich, «Influence of low energy ion implantation on mechanical properties of magnetron 

sputtered metastable (Cr,Al)N thin films,» de Thin Solid films, 2003, pp. 164-169. 

[46]  O. Durand-Drouhin, «Mechanical properties and failure modes of TiAl(Si)N single and multilayer 

thin films,» de Surface and Coatings Technology, 2003, pp. 260-266. 

[47]  P. Hovsepian, «TiAlN based nanoscale multilayer coatings designed to adapt their tribological 

properties at elevated temperatures,» de Thin Solid films, 2005, pp. 160-168. 

[48]  P. Mayrhofer, «Self-organized nanostructures in the Ti-Al-N system,» de Applied Physics Letters, 

2003, pp. 2049-2051. 

[49]  0. Knotek, M. Bijhmer i T. Leyendecker, «Sci. Technoi,» 1986. 

[50]  D. McIntyre, J. Greene, G. Hakansson, J.-E. Sundgren i J. W.-D. Mtinz, «Appl. Phys,» 1990. 

[51]  M. Kawate, A. Hashimoto i T. Suzuki, «Surf. Coat. Technol,» 2003. 

[52]  H. N, Shah i R. Jayaganthan, «Influence of Al contents on the microstructure, mechanical, and 

wear properties of magnetron sputtered CrAlN coatings,» 2011. 

[53]  S. Vepřek, «Novel thermodynamically stable and oxidation resistant superhard coating 

materials,» de Surface and Coatings Technology, 1996, p. 86–87. 

[54]  L. Castaldi, «High temperature phase changes and oxidation behavior of Cr–Si–N coatings,» de 

Surface and Coatings Technology, 2007, pp. 781-785. 



Micro-mechanical evaluation of hard coatings 

  105 

[55]  J. Choi, «Effects of Si content and free Si on oxidation behavior of Ti–Si–N coating layers,» de 

Thin Solid films, 2004, pp. 365-370. 

[56]  P. Martin i A. Bendavid, «The filtered arc process and materials deposition,» de Surface and 

Coatings Technology, 2001, pp. 7-10. 

[57]  R. Murakami, Y. Matsuda i D. Yonekura, «Tribological properties of TiAlSiN film coated by AIP 

equipment onto SKD61 substrate, in Tribology Series,» Elsevier, 2003, pp. 315-321. 

[58]  Parlinska-Wojtan, «Characterization of thermally treated TiAlSiN coatings by TEM and 

nanoindentation,» de Surface and Coatings Technology, 2004, pp. 344-350. 

[59]  L. Settineri, «Evaluation of wear resistance of AlSiTiN and AlSiCrN nanocomposite coatings for 

cutting tools,» de Manufacturing Technology, 575-578, 2008.  

[60]  D. Rafaja, «Internal structure of clusters of partially coherent nanocrystallites in Cr–Al–N and 

Cr–Al–Si–N coatings,» de Surface and Coatings Technology, 2007, pp. 9476-9484. 

[61]  Y. Chang, «High temperature oxidation resistance of CrAlSiN coatings synthesized by a cathodic 

arc deposition process,» de Journal of Alloys and Compounds, 2008, pp. 336-341. 

[62]  H. Chen, «Oxidation behavior of Si-doped nanocomposite CrAlSiN coatings,» de Surface and 

Coatings Technology, 2010, pp. 1189-1194. 

[63]  C. Donnet i A. Erdemir, «Tribology of Diamond-like Carbon Films: Fundamentals and 

Applications,» 2008. 

[64]  J. Robertson, «Diamond-like amorphous carbon,» de Materials Science and Engineering, 2002, 

pp. 129-281. 

[65]  J. Robertson, W. Milne i I. Amaratunga, « Deposition mechanism of diamond-like carbon, in 

Amorphous Carbon,» de State of the Art, Singapore, World Scientific Publishing, 1998, pp. 32-

45. 

[66]  M. Weiler, S. Sattel, T. Giessen, K. Jung, H. Ehrhardt i V. J, «Preparation and properties of highly 

tetrahedral hydrogenated amorphous carbon,» 1996, pp. 1594-1608. 



  Micro-mechanical evaluation of hard coatings 

106   

[67]  K. Spear i J. Dismukes, «Emerging CVD Science and Technology,» de Tribology and wear 

behavior of diamond, in Synthetic Diamond, New York, 1994, pp. 419-504. 

[68]  A. Grill i B. Meyerson, «Emerging CVD Science and Technology,» de Development and status of 

diamondlike carbon, in Synthetic Diamond, New York, 1994, pp. 91-141. 

[69]  M. Grischke, K. Bewilogua, K. Trojan i H. Dimigen, «Application-oriented modifications of 

deposition processes for diamond-like-carbon-based coatings,» 1995. 

[70]  C. Donnet, «Recent progress on the tribology of doped diamond-like and carbon alloy coatings: 

a review,» de Surf. Coat. Technol, 1998, pp. 180-186. 

[71]  A. Voevodin, A. Phelps, J. Zabinski i M. Donley, «Friction-induced phase transformation of 

pulsed-laser-deposited diamond-like carbon,» de Diamond Rel. Mater, 1996, pp. 1264-1269. 

[72]  J. Franks, K. Enke i A. Richardt, «Diamond-like carbon — Properties and applications,» 1990, pp. 

695-700. 

[73]  H. Dimigen i C. Klages, «Microstructure and wear behavior of metal-containing diamondlike 

coatings,» de Surf. Coat. Technol, 1991, pp. 543-547. 

[74]  M. Gardos, «Tribology and wear behavior of diamond, in Synthetic Diamond,» de Emerging CVD 

Science and Technology, New York, 1994, pp. 419-504. 

[75]  D. Kim, T. Fischer i B. Gallois, «The effects of oxygen and humidity on friction and wear of 

diamond-like carbon films,» de Surf. Coat. Technol, 1991, pp. 537-542. 

[76]  A. Grill, «Electrical and optical properties of diamondlike carbon,» de Thin Solid Films, 1999, pp. 

189-193. 

[77]  A. Erdemir i C. Donnet, «Tribology of Diamond,Diamond-Like Carbon and Related Films,» 2001. 

[78]  T. Leyendecker, «TiAIN–Al2O3 PVD-multilayer for metal cutting operation,» de Surface and 

Coatings Technology, 1997, pp. 790-793. 

[79]  Donald M. Mattox, «Handbook of Physical Vapor Deposition (PVD) Processing,,» Westwood,, 

1998. 



Micro-mechanical evaluation of hard coatings 

  107 

[80]  R. Boxman, P. Martin i D. Sanders, Handbook of vacuum arc science and technology, Noyes 

Publications, 1996.  

[81]  D. Mattox, Handbook of physical vapor deposition (PVD) processing, New Jersey, 1998.  

[82]  H. Herman, «Treatise on materials science and technology,» de Academic press, 1974.  

[83]  M. Khruschov, «Principles of abrasive wear,» de Wear, 1974, pp. 69-88. 

[84]  G. UPADHYAYA, «Materials science of cemented carbides – an overview,» de Materials and 

Design, vol. 22, 2001, pp. 483-489. 

[85]  S. Cho, A. Hfernandez i J. L.-. Olivares, «Phase Relations, Microstructure and Mechanical 

Properties of VC Substituted WC-10Co Cemented Carbide Alloys,» de International Journal of 

Refractory Metals and Hard Materials, 1997, pp. 205-214. 

[86]  C. Fernandes i A. Senos, «Cemented carbide phase diagrams,» de A review. International Journal 

of Refractory Metals & Hard Materials, 2011, pp. 405-418. 

[87]  H.-O. Andrén, «Microstructures of cemented carbides,» de Materials & Design, 2001, pp. 491-

498. 

[88]  S. Luyckx i A. Love, «he dependence of the contiguity of WC on Co content and its independence 

from WC grain size in WC–Co alloys,» de International Journal of Refractory Metals and Hard 

Materials, 2006, p. 75–79. 

[89]  A. Shatov, S. Firstov i I. Shatova, «he shape of WC crystals in cemented carbides,» de Materials 

Science and Engineering, 1998, pp. 7-14. 

[90]  H. Exner, «Physical and chemical nature of cemented carbides,» de International Metals Review, 

1979, pp. 149-173. 

[91]  K. Kang, J. Roemer i D. Ghosh, «Microstructural characterization of cemented carbide samples 

by image analysis techniques,» de Powder Technology, 2000, pp. 130-136. 

[92]  CRC Materials Science and Engineering Handbook, 2001.  



  Micro-mechanical evaluation of hard coatings 

108   

[93]  Z. Fang, T. R. X. Wang, K. Hwang i H. Sohn, «Synthesis, sintering, and mechanical properties of 

nanocrystalline cemented tungsten carbide,» de A review. International Journal of Refractory 

Metals & Hard Materials, 2009, pp. 288-299. 

[94]  H. Saito, A. Iwabuchi i T. Shimzu, «Effects of Co content and WC grain size on wear of WC 

cemented carbide,» de Wear, 2006, pp. 126-132. 

[95]  D. Ponge, «Structural Materials-Steels,» Hürtgenwald , 2005. 

[96]  A. R, «Ciencia e Ingeniería de los Materiales,» International Thomson Editores, 1998, pp. 130-

138. 

[97]  F. A. Kirk, «Materials for metal cutting,» London, 1970. 

[98]  H. Davis, G. Troxell i C. Wiskocil, «Ensaye e Inspección de los Materiales en Ingeniería,» 1964. 

[99]  S. E, Y. D, J. R. O i V. Rosales U., «Acerca del ensayo de dureza.,» de Industrial data, 2001, pp. 

73-80. 

[100]  F. Cripps, «The Hertzian contact surface,» Journal of Materials Science, pp. 129-137, 1999.  

[101]  M. Bayramoglu, H. Polat i N. Geren, «Cost and performance evaluation of different surface 

treated dies for hot forging process,» Journal of Materials Processing Technology, p. 394–403, 

2008.  

[102]  E. A. Sánchez, «Desarrollo de recubrimientos de PVD cuaternaios de tipo nitruro, óxido y 

oxinitruro, para aplicaciones de trabajo en caliente,» Pamplona, 2017. 

[103]  D. Tobola, «Impact of mechanical processes as a pre-sulphonitriding treatment on tribology 

properties of selected P/M tool steels,» Poland, 2019. 

[104]  A. Viera i A. Cavaleiro, «Strusture and chemical composition of WC-Co sputtered films,» France, 

1990. 

[105]  U. AB, «Vanadis 4 Extra,» 2010. 

[106]  O.Sandberg i L. Jönson, «Properties of powder metallurgical and spray formed tool steels and 

experiences in powder pressing applications,» Prague, 2005. 



Micro-mechanical evaluation of hard coatings 

  109 

[107]  BÖHLER, «COLD WORK TOOL STEEL- K360,» Austria, 2005. 

[108]  J. Soldán, J. Neidhardt i B.rtory, «Structure–property relations of arc-evaporated Al–Cr–Si–N 

coatings,» 2008. 

[109]  ]. Hones, R. Consiglio, N. Randall i F. Levv, «Surf. Coat. Technol,» 2000. 

[110]  ]. Fan, J. Zhang, Z. Wu i T. Wang, «Influence of Al content on the microstructure and properties 

of the CrAlN coatings deposited by arc ion plating, Acta Metall,» 2017. 

[111]  Y. Chang, C. Chang, M. Yang i W. Wu, «High temperature oxidation resistance of CrAlSiN 

coatings synthesized by a cathodic arc deposition process,» 2008. 

[112]  E. Mohammadpour, Z. Jiang i M. R. M. Altarawneh, 2017. 

[113]  S. Gonczy i N. Randall, «An ASTM standard for quantitative scratch adhesion,» 2005. 

[114]  A. O. Sergici i N. X. Randall, «Scratch testing of coatings,» 2006. 

[115]  A. C1624-05., « Standard Test Method for adhesion strength and mechanical failure modes of 

ceramic coatings by quantitative single point scratch testing,,» 2005. 

[116]  M. Mata, M. Anglada i J. Alcalá, «Una ecuación de dureza unificada para ensayos de indentación 

esférica,» Spain, 2002. 

[117]  ISO, «ISO 6507-Metallic materials — Vickers hardness test». 

[118]  A. Fischer-Cripps, «Nanoindentation,» New York, 2004. 

[119]  V. G. Cano i J. O. Márquez, « Espectroscopía Raman: Fundamento y aplicaciones,» 2014. 

[120]  S. E i D. G. 2005, «Modern Raman Spectroscopy – A practical approach,» 2005. 

[121]  S. D. A, H. F. J i N. T. A, «Principios de análisis instrumental,» Spain, 2001. 

[122]  B. MJ, «Adaptive optics in microscopy.,» 2007. 

[123]  G. JM, P. SP i W. AJ, «Adaptive optics for deeper imaging of biological samples,» de Curr Opin 

Biotechnol , 2009, p. 106–110. 



  Micro-mechanical evaluation of hard coatings 

110   

[124]  K. JA, «Adaptive Optics for Biological Imaging,» 2013. 

[125]  J. A, T. A, G. K, D. D i W. T, «Adaptive harmonic generation microscopy of mammalian embryos,» 

2009. 

[126]  C. D i K. B, Principles and application of fluorescence microscopy, 2001.  

[127]  S. G i N. JJ, «Microscope basics,» de Methods Cell Biol, 2003, pp. 1-10. 

[128]  W. JT, Y. K, H. RM i W. FS, «Advances in cellular, subcellular, and nanoscale imaging in vitro and 

in vivo,» 2010. 

[129]  S. EH i W. I, «Confocal fluorescence microscopy in modern cell biology.,» 1999. 

[130]  A. Paredes, «Scanning Electron Microscopy,» Elsevier, USA, 2014. 

[131]  A. de Siqueira, F. Cabrera, A. Pagamisse i A. Job, «Segmentation of scanning electron microscopy 

images from natural rubber samples with gold nanoparticles using starlet wavelets,» 2014.  

[132]  E. A. Sánchez, «Desarrollo de recubrimientos PVD cuaternarios de tipo nitruro, óxido y 

oxinitruro, para aplicaciones de trabajo en caliente,» Pamplona, 2017. 

[133]  O. Centeno, A. Sáez i M.Piñero, «Microestructura y propiedades mecánicas de carburos 

cementados de WC-NbC-Co,» Caracas, 2008. 

[134]  J. Wang, Y. Sugimura, A. Evans i W. Tredway, «Thin Solid Films,» 1998. 

[135]  C. Rincón, G. Zambrano i P. P. , «Propedades mecánicas y tribológicas de monocapas de W-C, 

DLC y multicapas de W-C/DLC,» Colombia, 2003. 

[136]  S. Hogmark, S. Jacbson i M. Larsson, «Wear,» 2000.  

[137]  S. J. Bull, « Failure mode maps in the thin film scratch adhesion test,» de Tribology International 

, 1997, pp. 491-498. 

[138]  D. L. d. Resende, «Estudo do comportamento mecánico da superliga Inconel 718 em 

temperaturas elevadas,» Brasil, 2009. 



Micro-mechanical evaluation of hard coatings 

  111 

[139]  Z. J. Liu, P. W. Shum i Y. G. Shen, «Hardening mechanisms of nanocristalline Ti-Al-N solid solution 

films,» de Thin Solid Films, 2004, pp. 161-166. 

[140]  R. F. Bunshah, «Structure/Property Relationships For Hard Coatings,» de Handbook of Hard 

Coatings, New Jersey, Noyes Publications Park Ridge, 2001, pp. 159-165. 

[141]  M. KL, «Adhesion measurement of films and coatings,» 1995. 

[142]  B. SJ, «Surface and Coatings Technology,» 1991, p. 25–32. 

[143]  T. Kacsich i K. Lieb, «Oxidation of thin CrN and Cr2N films analyzed via nuclear reaction analysis 

and Rutherford backscattering spectrometry,» de Thin Solid Films, 1994, p. 245. 

[144]  J. Ji, Y. Niu, J. Wu i Z. Yu, «Improving the properties of the TiN coating by optimizing the 

microstructural design,» de Surface engeenering, 2014, pp. 36-40. 

[145]  C. Ferrari i J. Robertson, «Phys. Rev,» 2000. 

[146]  K. Kang, N. Yao i A. Evans, «A method for in situ measurement of the residual stress in thin films 

by using the focused ion beam,» de Thin Solid Films, 2003, pp. 71-77. 

[147]  M. Krottenthaler, C. Schmid, J. Schaufler, K. Durst i M. Göken, «A simple method for residual 
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