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ABSTRACT 

The main restriction in the application of thick hydrogen-free amorphous carbon (a-C) 
coatings is the adhesion to the substrate, since high compressive stresses tend to delaminate the 
coating when a certain thickness is reached. In the present work, amorphous carbon films were 
deposited by unfiltered cathodic arc over a gas nitrided stainless steel substrate with metallic 
chromium as bond layer. An additional step was included, where carbon ions were accelerated 
by high bias potential before the deposition of functional a-C, to produce a carbon transition 
layer to act as a buffer layer. During a preliminary analysis, different thicknesses of this 
transition layer were produced, including a sample without this step, for reference purposes. 
The coating adhesion was evaluated by scratch test. In addition, the microstructure of the 
interface was analyzed by scanning transmission electron microscopy (STEM) and the sp-type 
bonds were quantified by electron energy loss spectroscopy (EELS). The analysis of the 
microstructure close to the interface with the chromium bond layer revealed a mixing layer of 
Cr and C. Furthermore, it was observed the formation of the transition layer characterized by a 
homogeneous carbon layer with high sp2 content, when compared to the functional amorphous 
carbon layer. Results indicate a significant enhancement of adhesion for the samples prepared 
with the carbon bombardment step, which can be correlated to the presence of the mixing layer 
and the carbon transition layer. Moreover, a decrease in adhesion was observed for an increase 
in the thickness of the transition layer, which can be attributed to the lower shear strength of 
this sp2 rich layer. In a second phase, three sets of experiments were designed to optimize the 
carbon bombardment step. The parameters studied were the duration combined with the bias 
voltage, the cathode current and the temperature. It was found that not only the thickness of the 
carbon transition layer is important for the adhesion but also the sp3 content. For instance, a 
lower bias voltage was able to increase the sp3 content of the carbon transition layer mitigating 
the negative impact of a thicker carbon transition layer. Also, an increase in the carbon cathode 
current could increase the adhesion possibly by extending the mixing layer. Finally, the best 
adhesion result was achieved when the substrate temperature of the bombardment was reduced. 
The most probable cause for that is a compositional modification in the mixing layer, like a 
change in the carbides formed in that region. 

 

Keywords: Amorphous carbon, Cathodic arc, Thick DLC coatings, Adhesion, Scratch 
test, Interface analysis. 
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RESUMO 

A principal restrição na aplicação de revestimentos espessos de carbono amorfo como 
diamante livre de hidrogênio (em inglês a-C – amorphous carbon) é a adesão ao substrato, uma 
vez que as altas tensões internas tendem a delaminar o revestimento quando uma certa espessura 
é alcançada. Neste trabalho, um filme de carbono amorfo (a-C) foi depositado por arco catódico 
não filtrado sobre um substrato de aço inoxidável nitretado a gás com Cr metálico como camada 
de ligação. Foi incluído um passo adicional em que os íons de carbono foram acelerados por 
alto potencial de polarização antes da deposição do recobrimento funcional de a-C, para 
produzir uma camada de transição de carbono. Durante a primeira fase do trabalho, diferentes 
espessuras desta camada de transição foram produzidas, incluindo uma amostra sem esta etapa, 
para fins de referência. A adesão do revestimento foi avaliada por teste de riscamento 
(esclerometria). Além disso, a microestrutura da interface foi analisada por microscopia 
eletrônica de transmissão no modo varredura (STEM) e as ligações do tipo sp3/sp2 foram 
quantificadas por espectroscopia de perda de energia de elétrons (EELS). A análise da 
microestrutura próxima à interface com a camada intermediária de Cr revelou uma camada 
mista composta por Cr e C. Além disso, observou-se a formação da camada de transição 
caracterizada por uma camada de carbono homogênea com alto teor de sp2, quando comparado 
ao a-C funcional. Os resultados indicam um aumento significativo da adesão nas amostras de 
a-C preparadas com o passo de bombardeamento de carbono, o que pode ser correlacionado 
com a presença da camada mista e da camada de transição de carbono. Além disso, observou-
se diminuição da adesão para aumento da espessura da camada de transição, o que pode ser 
atribuído à menor resistência ao cisalhamento desta camada rica em sp2. Em uma segunda fase 
do trabalho, três conjuntos de experimentos foram projetados para otimizar a etapa de 
bombardeamento por carbono. Os parâmetros estudados foram a duração em combinação com 
voltagem de polarização, a corrente de cátodo e a temperatura. Foi encontrado que, além da 
espessura da camada de transição, a quantidade de ligações sp3 também é importante para a 
adesão. Por exemplo, uma menor tensão de polarização foi responsável pelo aumento da 
quantidade de ligações sp3 presentes na camada de transição de carbono, mitigando o impacto 
negativo de uma camada de transição mais espessa. Também, um aumento na corrente de 
cátodo de carbono pode aumentar a adesão, possivelmente pelo aumento da camada mista. 
Finalmente, o melhor resultado de adesão foi alcançado quando a temperatura do substrato 
durante o bombardeamento foi reduzida. A causa mais provável para esse efeito é a modificação 
química da camada mista, como uma mudança nos carbonetos formados nessa região. 

 

Palavras-chave: Carbono amorfo tipo diamante, Arco catódico, Recobrimentos espessos, 

Adesão, Teste de risco, Análise da interface. 
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1. INTRODUCTION 

Nowadays, materials for engineering are being applied in increasingly severe conditions 

(high loads, high temperatures), driven by environmental regulations and financial benefits.   

Traditionally, materials that support a high level of stress are heavy, costly and difficult to be 

produced. In this context, an important topic of study called “surface engineering” is inserted. 

The main objective of this research topic is the functionalization of materials through treatments 

or processes performed only on the surface. Consequently, with the developed solutions it is 

still possible to use cheaper materials, with easier production, even in the most severe 

applications, only with the inclusion of one or more surface processes. The use of hard coatings 

produced by physical vapor deposition (PVD) techniques is one of the examples of surface 

engineering solutions.  

Diamond-like carbon (DLC) coatings can be listed as one of the hard coatings in use 

today. Its use is spread over many applications, due to features such as biocompability 

(HAUERT; THORWARTH; THORWARTH, 2013), low friction (ERDEMIR; MARTIN, 

2018), wear resistance (FONTAINE; DONNET; ERDEMIR, 2008) and scuffing resistance 

(PODGORNIK, 2008). Such behaviors can be correlated to the carbon amorphous structure 

with significant fraction of sp3 bonds (ROBERTSON, 2002). Early studies reported that the 

DLC coating structure, in turn, can be changed by the combination of two important factors 

during deposition: ion energy and substrate temperature (LIFSHITZ, 1996; LIFSHITZ et al., 

1993; MCKENZIE; MULLER; PAILTHORPE, 1991). The maximum sp3 content is achieved 

for ion energies in the range of 40 to 300 eV, when the temperature does not exceed 150 °C.  

Recent studies have also pointed low friction as a result of a self-lubricating behavior observed 

mainly in Hydrogen-Free amorphous carbon, abbreviated by a-C (KANO et al., 2014). The H-

Free a-C coatings are mainly produced by cathodic arc evaporation, due to its high ionization 

rate and ease in the control of the ion energy.  

The excellent tribological behavior of H-Free a-C coatings, together with the high 

deposition rates provided by cathodic arc evaporation, resulted in important industrial 

applications for automotive components (FERREIRA et al., 2019; KANO, 2015; MEHRAN et 

al., 2018), machinery parts and cutting tools (GRIMM; WEIHNACHT, 2010). In these 

applications, demands for thicker coatings (up to 30 µm) have recently grown, due to their high 

demands for wear and scuffing resistance, when applied in combination with low viscosity oils 

and magnified contact loads (TOMANIK et al., 2017).  
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Along with good mechanical properties, the increase in sp3 content also leads to 

increasing stresses in the films. Different studies reported that the stresses may reach 10 GPa 

when the film thickness exceeds 50 nm (CHHOWALLA, 2001; HIRVONEN et al., 1993). This 

behavior limits the total film thickness that can be achieved without delamination. 

Improvements on substrate cleaning, the use of ion sputter cleaning (BROITMAN; 

HULTMAN, 2012) and the use of metallic interlayer (CHEN; HONG, 2005) are well-

established concepts to enhance adhesion. However, for thicker and highly stressed layers, other 

strategies must be used to ensure adhesion during coating lifespan.   

Some authors reported improvements on adhesion for thin (20 – 150 nm) a-C layers by 

adding a high energy carbon bombardment step before the deposition of the functional layer 

(ANDERS et al., 1994; GERSTNER et al., 1995; HIRVONEN et al., 1993; KOSKINEN et al., 

1994; PIVIN et al., 1993). Further investigations stated improvement in adhesion for thicker 

coatings, from 2 to 8 µm, using the same concept, when combined with metal interlayers 

(ANTTILA et al., 1997; CHHOWALLA, 2001; ZAVALEYEV et al., 2013; ZAVALEYEV; 

WALKOWICZ, 2015). Both pulsed bias (HIRVONEN et al., 1993; KOSKINEN et al., 1994; 

PIVIN et al., 1993) and dc bias (ANTTILA et al., 1997; CHHOWALLA, 2001) were used in 

those studies, with values ranging from 0,5 kV to 20 kV. The observed benefits were accounted 

for the formation of carbides at the interface between the chromium bond layer and carbon 

transition layer (ANTTILA et al., 1997; KOSKINEN et al., 1994; PIVIN et al., 1993; 

ZAVALEYEV et al., 2013), the formation of an amorphous interfacial structure (GERSTNER 

et al., 1995) and/or the formation of a mixed layer between the metal interlayer and carbon 

(ANDERS et al., 1994; CHHOWALLA, 2001; HIRVONEN et al., 1993), where the mixed 

layer thickness ranged from 5 to 30 nm. Another strategy used for adhesion enhancement is the 

deposition of a transition a-C layer with low sp3 content and low stress (ANDERS et al., 1997). 

In summary, thick and hard a-C coatings are being used for parts with high wear 

resistance requirements, but the adhesion of the coatings is one important issue to be solved. 

Failures during operation or during the part production itself are usually seen. In the present 

work, a-C films with thicknesses about 20 µm were studied. The coatings were deposited by 

unfiltered cathodic arc over a gas nitrided stainless steel substrate with metallic chromium as 

bond layer. An additional step was included during film processing, where carbon ions were 

accelerated by high bias potential before the deposition of functional a-C, to produce a carbon 

transition layer. Different parameters for the deposition of this layer were employed. The 
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coating properties, interfacial structure and adhesion were analyzed to investigate the impact of 

the carbon bombardment step in the adhesion of a-C thick coatings and to have a concept 

proposition for adhesion improvement of these coatings.  
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2. OBJECTIVES 

The main objective of the current study is to analyze a concept to improve the adhesion 

of thick amorphous carbon coatings over steel substrate. The secondary goal is the 

understanding of the impact of a carbon bombardment step and its deposition parameters on 

adhesion by the application of advanced interface analysis and adhesion measurement 

procedures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 
 

 
 

3. LITERATURE REVIEW 

3.1. Physical vapor deposition 

Physical vapor deposition (PVD) processes consist of the deposition of atoms or 

molecules obtained by vaporization from a solid or liquid surface followed by transport through 

a low-pressure environment in direction of a substrate, where the material is condensed to form 

the desired coating or thin film. The vaporization can occur by thermal heating of the surface 

of the material or by sputtering. The latter relates to the ejection of particles from the material 

by momentum transfer from a massive bombarding particle, usually an ion (plasma). It also 

does not need a heating source (MATTOX, 2010). The PVD process usually requires vacuum 

to minimize the contaminations in the coating, to facilitate the formation and control of the 

plasma and to reduce interactions during the transport from the source to the substrate. 

3.1.1. Cathodic arc evaporation 

Cathodic arc evaporation is one type of PVD method. It is the main path followed for the 

deposition of hard, wear resistant coatings, due to its high ionization and ease in ion control. 

Both features lead to the growth of thicker coatings with a wide range of properties, depending 

on the deposition parameters (ANDERS, 2002). 

The main difference from other deposition methods is the phenomenon used to produce 

the ions. In cathodic arc evaporation, the main process to generate ions is an electric discharge 

between the cathode, usually a solid target made of the material to be deposited, and the anode. 

The discharge process is affected with high current (80 – 300 A) and low voltage (15 – 40 V). 

The area in the target where the arc is applied is called arc spot. The size of an arc spot is about 

10-6 mm2. Consequently, in this region, the current density is very high, in the range of 106 to 

108 A/cm2. The current density is one of the most important parameters in cathodic arc 

evaporation, because it governs the electron emission process, phase transitions and plasma 

production (ANDERS, 2002). A high current density implies in high power density, which is 

responsible to transform the cathode material from solid to plasma phase in a short period of 

time (JÜTTNER, 2001). Some authors refer to this phase transition as an explosion. In line with 

this concept, the electron emission mechanism has been called “explosive electron emission” 

(MESIATS; PROSKUROVSKII, 1984; MESYATS, 2014). Electrons are emitted by the 

synergetic presence of high temperature, high electric field, and via ionization of the cathode 

material. These conditions are fulfilled in arc spots, which become electron emission zones.  
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The arc spot structure is non-stationery, because of the explosive behavior. The micro-

explosions change the surface topography and heat the zone beneath the spot. Figure 1 is 

representative of an arc spot, where one can see the topography changes due to the explosive 

behavior. Both factors increase the arc spot zone and change the local conductivity. The 

increase of the arc spot lead to a decrease in power density and to a significant decrease in the 

amount of material transformed from the cathode. In some cases, the electron emission activity 

and plasma density can be reduced to a point where the discharge can be extinguished. The 

other possibility is that the plasma condition near the cathode enables the formation of another 

location to form a new arc spot region. In this way, the arc process continues, and, in a 

macroscopic view, the arc moves over the cathode. The movement of the arc spot over the 

cathode is extremely important, since the ionization is higher for plasmas produced in the 

explosive phase. Due to this effect, some commercial deposition chambers use steered arcs, 

which consist of applying a magnetic field in front of the targets to induce a rapid and constant 

movement of the arc (FALABELLA; KARPOV, 1996).  

 

Figure 1 – Topography of the arc spot after explosive electron emission. 

Source: (JÜTTNER, 1979). 

The plasma generated at arc spots is characterized by very high density and temperature, 

resulting in pressure. Driven by the high pressure, the ions are accelerated to very high 

velocities, 0.5 to 3x104 m/s (ANDERS; YUSHKOV, 2004). The velocity that the ion is expelled 

depends on the arc voltage and the cathode material (ANDERS; YUSHKOV, 2002). The 

velocity is important because it defines the energy of the ion that will reach the substrate, 

impacting directly on the coating properties. The ion energy is not defined only by the initial 

velocity, but also by the potential applied between the substrate and the plasma. This potential 
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is well-known as substrate biasing. The ion kinetic energy, Ekin is calculated based on Equation 

(1), where  
���,� is related to the velocity gained in the arc spot, Q is the ion charge, e 

elementary charge and ����� is the bias voltage. 


��� = 
���,� + �.  . �����            (1) 

Finally, the ions get to the surface, where the energy is released. The energy release 

processes include collisions with substrate atoms, subplantation and condensation in the form 

of film. The subplantation process consists in the penetration of ions into the substrate 

(LIFSHITZ; KASI; RABALAIS, 1989). This process leads to very high bonding between the 

target species and the substrate atoms, conferring good adhesion to the film (MONTEIRO, 

2001). 

The main drawback of cathodic arc deposition is the presence of macroparticles. 

Macroparticles are liquid or solid debris particles that are produced at arc spots along with the 

plasma. Juttner (1979) explained particle formation through the action of plasma pressure on 

the melted cathode material that is present between the dense plasma and the relatively cold 

cathode. Therefore, the production of macroparticles is inherent of the process and linked to the 

existence of non-stationary cathode spots. The macroparticles are named due to its size 

difference in relation to the electrons and ions in the plasma. Usually, the size of macroparticles 

is between a few nanometers up to a few micrometers (ANDERS et al., 1993). The main impact 

of the macroparticles is the production of defects and discontinuities in the coating 

(DRESCHER et al., 1998; PETROV et al., 1997), besides the increase in roughness of the 

coated parts. The defects produced can impact on the corrosion resistance of the coating and 

can also lead to more extreme failures like chipping and detachment. Along with the steered 

arc, other process modifications can be introduced to minimize the presence of macroparticles 

in the coating. The main modification used for this reason is the use of filters. The filters 

typically consist of curved magnetic coils that are placed between the targets (production of 

plasma) and the substrate. The magnetic field, produced by the filters, guide only the plasma 

(charged particles) to the substrate, while the macroparticles do not deflect and do not reach the 

substrate (ANDERS, 1999). 
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3.2. Diamond-like carbon  

3.2.1. Introduction 

Carbon is an element of great importance in nature, since it is fundamental for organic 

compounds. It can be found in different allotropic forms such as the graphite, diamond, 

fullerenes and nanotubes. Besides its crystalline forms, it also appears in amorphous forms. The 

diamond-like carbon refers to some of those amorphous forms and it will be better explored in 

the next sections. The main reason for such wide range of forms is the three possible 

hybridizations that carbon can present, sp1, sp2 and sp3 (ROBERTSON, 1991). In the sp3 

configuration, observed in diamond, each atom has its four valence electrons assigned to 

tetrahedral sp3 orbitals, which make strong type σ bonds between atoms. For the sp2 

configuration, as seen in graphite, three of the four electrons are assigned to trigonally directed 

sp2 orbitals, which forms strong type σ bonds in the plane. The fourth electron is assigned in an 

p-orbital perpendicular to the plane formed by the trigonal bonds. The p-orbital formed by the 

fourth electron forms weak type π bonds with p-orbitals from other atoms. Figure 2 gives a 

schematic representation of the three carbon hybridizations.   

 

Figure 2 – Schematic representation of the three carbon hybridizations. 

Source: (ROBERTSON, 1991). 

3.2.2. General overview 

DLC, diamond-like carbon, consists of an amorphous carbon film that has a high fraction 

of sp3 bonds, which are the main carbon hybridization seen in the diamond, hence its 

denomination (ROBERTSON, 2002). DLC coatings are divided into some types, which are 

defined according to sp2 and sp3 fractions, hydrogen content and presence of dopants. The 

ternary diagram of the carbon-hydrogen system is shown in Figure 3. The main types are the 

ta-C (:H) and the a-C (:H). ta-C has predominantly sp3 bonds, while a-C has predominantly sp2 
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bonds (FERRARI; ROBERTSON, 2000). The sp2/sp3 fraction, in turn, has a strong influence 

on the properties of the coating. The Young’s modulus, hardness and general diamond-like 

quality arise from the sp3 bonds, and are monotonically dependent to it (FERRARI et al., 1999). 

It is found that the density also varies linearly with the sp3 fraction (FERRARI et al., 2000). 

 

Figure 3 – Ternary phase diagram for various DLC films with respect to their sp2, sp3, and hydrogen 
contents. 

Source: (ROBERTSON, 1992). 

The formation of hydrogenated DLC (H-DLC) or hydrogen-free DLC, or a-C, depends 

on the deposition process used. H-DLC is produced with the use of precursor gases like 

acetylene, in which the hydrogen is incorporated into its structure. The deposition process used 

is PACVD (Plasma-assisted Chemical Vapor Deposition) with DC glow discharge. The a-C 

can be produced by sputtering (including High-Power Impulse Magnetron Sputtering – 

HiPIMS) and cathodic arc evaporation, with the use of solid graphite targets (VETTER, 2014). 

The cathodic arc evaporation is the preferred method, due its higher ionization rate, which leads 

to high deposition rates and better control of the ion energy. For cathodic arc deposition, two 

main processes are used for industrial applications. The first one is the direct cathodic arc 

evaporation (DCAE), in which a direct or pulsed current is used in the arc discharge with no 

means to separate the plasma from the macroparticles. The second is the filtered cathodic arc 

evaporation (FCAE), in which some strategies are selected to separate the macroparticles from 

the plasma flux. The typical strategy for separation is the use of magnetic filters. A schematic 

set-up of DCAE and FCAE evaporation sources is shown in Figure 4. The choice of using 

filtered or direct arc evaporation is made based on the application. For applications that require 

high thicknesses (> 5 µm) produced in large scale, the usual recommendation relies on the use 

of direct evaporation, while applications with thin layers that require very small defect 

quantities normally require the use of filtered arc.  
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Figure 4 – Schematic set-up of DCAE and FCAE evaporation sources. 

Source: (VETTER, 2014). 

The study and development of DLC coatings are conducted since the 1950’s and can be 

accounted for the great versatility of the coating and its suitable properties in relation to friction 

and hardness (ERDEMIR; FONTAINE; DONNET, 2008). DLC coatings can have very high 

hardness (in the order of 70 GPa) (PHARR et al., 1996), leading to optimal wear performance 

and also friction coefficients below 0.2 in case of lubrication-free contacts (RONKAINEN et 

al., 1994) and coefficients below 0.07 in lubricated contacts (TOMANIK et al., 2017). 

The applications of DLC coatings are diverse and include the fields of microelectronics, 

optics, manufacturing, transport and biomedicine (BUNSHAH, 2001). Some applications 

should be highlighted because they are related to the present work, linked to the high demand 

for wear resistance and need of hard and thicker films. These applications are the use of DLC 

coatings for combustion engine components (BRUNO et al., 2017; MEHRAN et al., 2018) and 

for machining tools (GRIMM; WEIHNACHT, 2010). 

3.2.3. DLC growth process for a-C 

The most accepted model for the growth of a-C coatings is the subplantation model, which 

was first proposed by Lifshitz, Kasi and Rabalais (1989). The model is based in the penetration 

of carbon ions into the uppermost surface layers. The growth process progresses along the 

following steps. 
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i) Penetration of energetic carbon ions into subsurface layers. 

ii)  Stopping of the energetic ions in the substrate by energy loss mechanisms. The 

main mechanisms are atomic displacements and electron excitations, sometimes 

called as thermal spikes (WEISSMANTEL et al., 1980). 

iii)  Positioning at a site in the host matrix. Hyperthermal species may occupy another 

site during further impacts from other energetic species.  

iv) Increase in the concentration of penetrating species in the matrix up to a point 

where a new phase is formed.  

v) Film growth by expansion of the new phase initiated at the subsurface. In the first 

stages, the substrate atoms are sputtered or diluted by the impinging species. This 

dilution occurs up to a point where all the surface and subsurface structure are 

composed of the deposited material. 

In terms of duration, Schultrich (2011) translated the subplantation growth model into 

four stages: The collisional stage (<10-13 s), the thermalization stage (10-13 to 10-11 s), the 

diffusional stage (10-11 to 1 s) and the technological stage (>1 s). Similar to the previous 

description, in the collisional stage, the carbon ions are stopped by collisions with atoms at the 

surface, where some energy is lost by ionization, and displacement of atoms. In the 

thermalization phase, the excess of energy is distributed over the surroundings. The final 

bonding structure is formed in the diffusional stage, where a competition between the local sp3 

stabilization and sp2 relaxation by diffusion towards the surface occurs. The technological stage 

is dependent of major deposition parameters such as rotation of substrate and duty cycle 

(On/Off time) and is linked with the overall structure (e.g. layered systems). 

It was found that the competition between sp3 formation and sp2 relaxation is closely 

dependent on ion energy. According to Robertson (1992), the sp3 structure is formed in the 

collisional stage, where high density regions are formed. For higher ion energies, more 

penetration is expected, increasing the high-density regions. However, further increase in ion 

energy induces more energy dissipation in the thermalization stage. The energy dissipation in 

excess will increase the relaxation of the structure, decreasing the local density. In this case, the 

transformation of the formed sp3 into sp2 occurs. Hence, the optimum ion energy for maximum 

density is a balance between a sufficiently high penetrative yield and a small relaxation of the 

density increment. A schematic of ion subplantation, the formation of a high-density region and 

the relaxation is shown in Figure 5. 
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Figure 5 – Schematic of ion subplantation, the formation of a high-density region and the relaxation. 

Source: (ROBERTSON, 1994)  

The effect described by Robertson (1992) was experimentally proven by other studies 

(CHHOWALLA et al., 1997; FALLON et al., 1993; MCKENZIE et al., 1991; VEERASAMY 

et al., 1993; XU et al., 1996). In all those studies, an optimal ion energy of about 100 eV was 

found, where the sp3 fraction is the maximum. Figure 6 presents the behavior of sp3 fraction as 

a function of ion energy obtained by Chhowalla et al. (1997). 

 

Figure 6 – sp3 fraction versus the ion energy. 

Source: (CHHOWALLA et al., 1997). 

Other important factor that influences the sp3 formation is the deposition temperature. 

This influence can also be accounted for to the structure relaxation during the deposition. As 

seen by Lifshitz (1993 and 1994) and Chhowalla et al. (1997), a sharp decrease in sp3 fraction 

occurs for deposition temperatures higher than 150 °C. Figure 7 presents the result obtained by 

Chhowalla et al. (1997). Other effects that also impact in the sp3 formation are deposition rate 

and impingement angle (DRESCHER et al., 1998; SCHULTRICH, 2011). 
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Figure 7 – sp3 fraction versus deposition temperature. 

Source: (CHHOWALLA et al., 1997). 

3.2.4. DLC coatings deposited by Cathodic Arc Evaporation 

The sp3 content, density, stress, Young’s modulus and hardness form a field of 

interrelated properties for a-C coatings (VETTER, 2014). For most cases, the main coating 

properties can be described by two of these parameters. In the following topics, the general 

trend and ranges will be described for each property.  

 Density 

The density of a-C coatings ranges from 2,0 g/cm3 to 3,3 g/cm³ (VEERASAMY et al., 

1993). As a reference, the density of diamond and graphite are 3,5 g/cm3 and 2,0 g/cm3, 

respectively. The density varies linearly with the sp3 fraction, as shown in Figure 8. The same 

trend was also seen by Fallon et al. (1993). 

 

Figure 8 – Density versus sp3 fraction. 

Source: (VEERASAMY et al., 1993). 

 Hardness and Young’s modulus 

The hardness and Young’s modulus follow the same trend as the density. Xu et al (1997) 

reported an increase in hardness and Young’s modulus for higher sp3 fractions, as shown in 
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Figure 9. In their study (XU et al., 1997), coatings of 60 nm were deposited by FCAE with 

different ion energies, with corresponding achieved hardness in the range of 20 to 55 GPa and 

Young’s modulus from 200 to 400 GPa. 

 

Figure 9 – Hardness and Young’s modulus dependence on the sp3 fraction for FCAE. 

Source: (XU et al., 1997). 

A similar trend was also seen for coatings deposited by DCAE. Zou et al. (2011) reported 

a linear variation between hardness and Young’s modulus with sp3 fraction in films with 2 µm, 

as seen in Figure 10. Their study found hardness of 19 to 28 GPa, when the sp3 fraction varied 

from 24 to 34 %. 

 

Figure 10 – Hardness and Young’s modulus dependence on the sp3 fraction for DCAE. 

Source: (ZOU et al., 2011) 

Hardness measurements are difficult to compare due to differences in measurement 

procedures and calculation models. For instance, Pharr et al. (1996) showed that the hardness 

values depend on the thickness of thin a-C coatings because of the interference of the substrate 

properties on the measured values. The recommendation is to conduct the hardness 
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measurements with penetration depth under 10% of the film thickness, to minimize the substrate 

effects (INTERNATIONAL ORGANIZATION FOR STANDARDZATION, 2016). 

 Residual internal stress 

The internal stress of a-C coatings is composed of intrinsic compressive stresses and 

thermal stresses (PAULEAU, 2008). The intrinsic stress is the major component, which is 

produced due to the ion bombardment during deposition, to form the sp3 bonds (ROBERTSON, 

2002). The magnitude of overall compressive stresses is related to adhesion, since highly 

stressed films are limited in thickness (CHOLERIDIS et al., 2018). 

The magnitude of residual (intrinsic) stresses in DLC films is dependent on the deposition 

process and process parameters such as pressure in the deposition chamber, substrate bias 

voltage, and power density (PAULEAU, 2008). For a-C coatings deposited by cathodic arc 

evaporation, a significant correlation between stress and sp3 fraction was found, when data from 

Fallon et al. (1993, apud ROBERTSON, 2002) and Chhowalla et al. (1997, apud 

ROBERTSON, 2002) were considered. In these studies, compressive stresses up to 11 GPa 

were found, when the sp3 fraction was about 70%. However, another study (POLO et al., 2000, 

apud ROBERTSON, 2002) suggests that very high sp3 fractions can be achieved with stresses 

below 5 GPa. The results of these studies are shown in Figure 11. 

 

Figure 11 – Correlation of compressive stresses and sp3 fraction. 

Source: (ROBERTSON, 2002). 

A more complete survey regarding the correlation between sp3 fraction and compressive 

stresses was conducted by Ferrari et al. (2002). In that study, no correlation was found when all 

the available data were considered. Figure 12 presents the complete collection of data 
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considered in the study. Ferrari et al. (2002) concluded that the main cause for stress build-up 

is the ion bombardment, and that the macroscopic stress is not necessary to stabilize the sp3 

phase.  

 

Figure 12 – Collection of stress and sp3 data from as-deposited H-free DLC samples found in literature. 

Source: (FERRARI et al., 2002). 

Thickness is another important point that can influence the overall compressive stresses. 

Some studies have shown that the maximum compressive stress is achieved in the first tenths 

of nanometers of the film and then stabilize (CHHOWALLA, 2001; SHEEJA et al., 2002), as 

seen in Figure 13. 

  

Figure 13 – Thickness influence on compressive stress. 

Source: (a) (SHEEJA et al., 2002); (b) (CHHOWALLA, 2001). 

The literature reported stresses from 4 to 10 GPa for super hard (>60 GPa) amorphous 

layer deposited by cathode arc evaporation (CHHOWALLA, 2001; VEERASAMY et al., 1993, 

FALLON et al., 1993). More recent studies explored other strategies to reduce stress, with the 

most promising one being high pulsed biasing. A residual stress of 0.9 GPa was achieved for a 

1 μm-thick coating with moderate hardness (36 GPa) by Zhang et al (2005). Tay, Sheeja and 
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Yu (2003) also reported an expressive reduction in compressive stress by combining high 

pulsed biasing and annealing. The reduction in stress due to the pulsed biasing was attributed 

to the relaxation of the layer during positive pulse, when there is no deposition. In this way, 

some local transformations from sp3-rich regions to sp2 can occur, with minimum loss of 

mechanical properties (DELPLANCKE-OGLETREE; MONTEIRO, 2003). 

 Thickness  

Thicknesses over 20 µm are more common in the literature for hydrogenated DLC films 

(AN et al., 2019; DALIBÓN et al., 2019). For a-C, only Grimm and Weihnacht (2010) reported 

thickness up to 70 µm, produced by pulsed arc, and Araujo et al. (2017) described layers up to 

60 µm with the use of dc arc evaporation. The reduced occurrence of thicker H-free layers in 

the literature is mainly due to adhesion problems of super-hard or hard coatings, which usually 

limit the film thickness to, approximately, 2 µm (CHOLERIDIS et al., 2018). 

3.3. Adhesion 

Adhesion can be defined as the molecular attraction that holds the surfaces of two 

dissimilar substances together (BASTOW; BOWDEN, 1932). In the case of coatings, adhesion 

is defined as the work necessary to separate the coating-substrate interface (PULKER; PERRY; 

BERGER, 1981; RICKERBY, 1988). Adhesion is one of the most important features in this 

field, because most of the failures that occur for hard coatings are related to layer detachment 

and subsequent component failure. A simple model proposed by Rickerby, Jones and Bellamy 

(1988) relates the adhesion of two materials to the work performed to separate two surfaces per 

unit of area, according to Equation (2). 

                                     $�� = �� +  �� % ���          (2)                                     

In Equation 2, γA e γB are the specific surface energies of materials A and B, while γAB is 

the specific interface free energy. Some restrictions for the model are the non-consideration of 

plastic deformations that the material may suffer and the non-consideration of a possible 

mechanical locking between the surfaces and/or interdiffusion between them. Even so, the 

model already demonstrates the importance of reducing interface energy to have higher 

adhesion. 
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3.3.1. Adhesion of coatings deposited by PVD 

In PVD technology, adhesion arises mainly from chemical interactions between the atoms 

of the coating and the substrate. The adhesion for coatings is determined by factors such as the 

mechanical properties of each material, the deposition parameters and deposition strategy, 

along with the structures formed at the interface. 

Poor adhesion may come from contamination of the substrate, formation of brittle 

interface structure, high level of interface failures, formation of layer nodules (MATTOX, 

2010) and/or high coating stress (GANGOPADHYAY, 1998). This last point is relevant for the 

present work, since H-free DLC coatings tend to have high internal stress. This effect can be 

intensified by an increase in the thickness of the coating.  

Generally, in PVD technology, some procedures and methods are used to improve 

adhesion. Some of these methods are listed below. 

•  Minimize any contamination present in the substrate (MATTOX, 2010). 

•  Ion bombardment of the substrate for removal of impurities (VIHERSALO et al., 1993); 

• Increase coating nucleation density to minimize the number of interface defects 

(MATTOX, 2010); 

• Increase substrate roughness to increase mechanical surface locking (BUNSHAH, 

2001); 

• Maximize the chemical affinity of the substrate with the coating, to increase the forces 

of atomic interaction (KOSKINEN et al., 1994); 

• Use an intermediate layer to provide a transition of mechanical properties (CHEN; 

HONG, 2005); 

• Include deposition steps that cause diffusion of the material deposited with the substrate 

(BROITMAN; HULTMAN, 2012); 

• Use materials with similar mechanical properties and/or provide gradient effect on 

coating growth (XIANG et al., 2006). 
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3.3.2. Methods to assess coating adhesion 

There are several ways of assessing the adhesion of coatings. The choice of the most 

appropriate form depends on the type of stresses to which the coating is exposed to. Figure 14 

shows four types of adhesion measurements. In three of them, the test is based on layer traction 

and they differ by the device used to perform traction. In the first, traction loads are applied by 

an adhesive tape; in the second, by a stud glued to the piece; and in the third, by a wire glued 

to the piece surface. The fourth is based on shear, where an adhesive ball is glued to the surface 

and a shear force is applied by a blade (BUNSHAH, 2001). 

 

Figure 14 – Methods for evaluation adhesion. 

Source: (MATTOX, 2010). 

Moreover, there are two other evaluation methods that are most used today. The first of 

these is the indentation test, which is based on visual analysis of coating surface after an 

indentation is conducted by a Rockwell C indenter, using a standardized load (VIDAKIS; 

ANTONIADIS; BILALIS, 2003). A schematic view is shown in Figure 15. 
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Figure 15 – Schematic view of Indentation test. 

Source: (MATTOX, 2010). 

The other method is the scratch test, which is widely used for assessing the adhesion 

strength of coating–substrate systems (BULL; BERASETEGUI, 2006; BURNETT; 

RICKERBY, 1987). The test consists of using a Rockwell C diamond indenter to apply an 

increasing or constant load across the coating surface, while the sample is displaced at a 

constant velocity. A scheme is shown in Figure 16. With progressive load, it is possible to 

evaluate the load at which the first cracks and adhesion failures appear. The test produces 

mechanical damage in the coating/substrate through the combination of elastic/plastic 

indentation, frictional forces and residual stresses in the system (ASTM INTERNATIONAL, 

2015). The normal force that produces a specific and reproducible failure type and level is 

defined as the critical scratch load (Lc). In general, the critical load is determined by acoustic 

emission, friction force measurements, or optical microscopy. Many failure mechanisms and 

coating damage types are described in the literature (ASTM INTERNATIONAL, 2015; BULL, 

1991, 1997). The critical load becomes a way of comparing the adhesion of multiple samples. 

Due to the ease in conducting the test and the usefulness in the definition of critical loads, the 

scratch test was chosen as the method for adhesion evaluation in the present work.  

 

Figure 16 – Schematic view of Scratch test. 

Source: (MATTOX, 2010).  
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Some factors must be considered in the analysis of the scratch results. It includes 

scratching speed, tip condition, loading rate, and coating–substrate characteristics such as 

thickness of the coating, hardness and roughness (STEINMANN, TARDY and 

HINTERMANN, 1987).  

3.4. Methods for improving DLC adhesion on steel substrates 

This topic is intended to describe and analyze the available strategies for adhesion 

improvement of DLC coatings, both hydrogenated and hydrogen-free. The study was not 

limited by thickness nor hardness. The only restriction imposed here was the substrate. The 

reason for a broader review is the possibility to extend some concepts found for coatings thinner 

and softer than those in the present work. 

In the literature review, substrate sputtering and use of metallic intermediate layer are 

sufficient to ensure the adhesion for coatings up to 2 µm. For thicker coatings, these concepts 

are combined with other strategies such as duplex treatment and/or gradient layers and carbon 

bombardment. 

3.4.1. Substrate sputtering 

The use of substrate sputtering by ion bombardment is a strategy largely used for PVD. 

The primary objective of the sputter cleaning is to remove contamination layers and surface 

oxides (BUNSHAH, 2001). The same strategy is also used for deposition of DLC coatings. 

Morshed et al. (2003) reported impact in adhesion of thin DLC coatings (~0,35 µm) after sputter 

cleaning with argon applied to a stainless steel substrate. An optimum sputter time of 15 min 

was found to maximize adhesion. The variation of adhesion was related to film structure, since 

different temperatures of the substrate were observed during sputtering. Wasy et al. (2014) also 

reported a substantial increase in critical loads obtained by scratch test, for samples sputtered 

with Ar with bias of -600 V.  

 Chen and Hong (2005) conducted sputtering with Cr on a stainless steel substrate with 

different bias.  These authors reported substantial adhesion improvements when using higher 

bias voltages, at least -700 V. The adhesion enhancement was attributed to the formation of a 

mixed zone between Cr and the steel substrate. The size of the mixed layer was about 20 nm, 

identified by compositional analysis made by Auger spectroscopy. A similar mixed layer was 

also observed by Broitman and Hultman (2012), in the application of a sputtering with 
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chromium, using a HIPIMS source. Figure 17 presents the obtained structure, indicating a 5 

nm-thick layer between the Cr and the steel. In this case, an adhesion enhancement was also 

seen by indentation adhesion test.  

 

Figure 17 – Cross-sectional TEM image showing the mixed layer between Cr and Steel substrate. 

Source: (BROITMAN; HULTMAN, 2012). 

3.4.2. Metal intermediate layer  

For hard coatings, the use of a metal intermediate layer is a usual practice. The 

intermediate layer can work as a buffer layer for highly stressed coatings like DLC, in the way 

that they can accommodate relative displacements between the substrate and the coating. 

Hence, the intermediate layers usually have properties, such as hardness and Young’s modulus, 

with values between those of the substrate and the coating (MATTOX, 2010). Another 

important role of the intermediate layers is to control other stresses at the interface, mainly 

thermal stresses that appear due to the difference between the deposition and ambient 

temperature (WEI; YANG; TAI, 2010). The reduction of compressive stress was reported by 

Cao et al. (2018), who observed a reduction from 12.4 GPa, for no intermediate layer, to 2.4 

GPa, when an intermediate layer of 1.1 µm was employed. 

The most used intermediate layers for DLC coatings contain Cr (CHEN; HONG, 2005), 

Ti (CAO et al., 2018), Si (CEMIN; BOEIRA; FIGUEROA, 2016) and W (ISONO et al., 2018). 

Chromium is the most used for steel substrates. The literature indicates the use of chromium 

interlayer for DLC coatings over steel substrates for the following reasons: a) the thermal 

expansion coefficient of chromium is close to iron (Cr: 11.8 x 10-6 and Fe: 12.5 x 10-6), which 

minimizes thermal stresses (CHEN; HONG, 2005); b) the constituents of steel used in most 

applications have chromium as one of its main constituents, which can increase the bonding 

between the substrate and the intermediate layer (CHEN; HONG, 2005); c) chromium can react 

with carbon, resulting in the formation of carbides that can increase adhesion between the 
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carbon coating and the intermediate layer (FUJIHANA; OKABE; IWAKI, 1997; GLOZMAN; 

HOFFMAN, 1997). 

The thickness of the intermediate layer is important for adhesion. Shahsavari et al. (2016) 

reported that 20 nm of chromium intermediate layer can provide adhesion for a DLC layer of 

200 nm. For thicker coatings, about 2 µm, an intermediate layer thickness of 0.3 µm was needed 

to maintain a sufficient adhesion level (PANCIELEJKO et al., 2012). Hence, a trend of thicker 

intermediate layer for thicker coatings is seen in the literature. However, Chen and Hong (2005) 

reported that further increase in chromium thickness can jeopardize the adhesion, due to an 

increase in compressive stress. That study (CHEN; HONG, 2005) described chromium 

intermediate layers with 0.1 µm, 0.3 µm and 0.5 µm. The adhesion was evaluated by indentation 

test, with results as shown in Figure 18. Poor adhesion was observed for intermediate 

thicknesses of 0.1 µm and 0.5 µm, while good adhesion was obtained for 0.3 µm.  

 

Figure 18 – Influence of chromium intermediate thickness on adhesion of DLC coating. (a) 0.1 µm, (b) 
0.3 µm and (c) 0.5 µm. 

Source: (CHEN; HONG, 2005). 
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3.4.3. Duplex treatment 

The use of very hard coatings over relatively soft substrates such as steel can lead to the 

“eggshell” effect (KESSLER; HOFFMANN; MAYR, 2000). This effect occurs due to 

excessive deformation of the substrate under mechanical loads, in conjunction with the 

incapacity of the coating to deform in the same level. The excessive strain causes coating 

failure, typically in the form of coating fracture, detachment or buckling (LIU et al., 2018a). 

The strategy used to overcome the “eggshell” effect is to increase the mechanical properties of 

the substrate, to minimize the deformation under load. Waseen et al. (2015) supported that 

conclusion with their results, which showed better adhesion for harder steel substrates. When 

the substrate cannot be changed, by other reasons, surface treatments, such as nitriding, 

carbonitriding or carburizing, can be used to increase the mechanical properties close to the 

surface (CAPOTE; TRAVA-AIROLDI; BONETTI, 2014).  

Some authors have worked on the adhesion improvement of thick a-C:H layers using 

plasma nitriding process. Dalibón et al. (2017) reported an increase in the critical load measured 

by scratch test, from 29 N to 36 N, when a substrate nitriding process was used. Figure 19 shows 

this improvement in scratch test results. Delfín et al. (2018) have also seen an increase in the 

critical load of about 10 N when a nitriding treatment was carried out.  

 

Figure 19 – Scratch test track in (a) coated sample, (b) duplex sample. 

Source: (DALIBÓN et al., 2017). 

According to the study (DALIBÓN et al., 2017), the duplex system prevents crack 

propagation and reduces the stress between coating and substrate. The reduction of stresses with 

application of surface treatments was verified by Capote, Trava-Airoldi and Bonetti (2014). In 

their work, a treatment composed by nitriding, carbonitriding and carburizing showed the 

lowest stress. In addition, the highest critical load was obtained for this treatment, in comparison 
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with nitriding only and a combined treatment with nitriding and carbonitriding. Both results 

were explained by the gradient of mechanical properties obtained close to the surface of the 

substrate. 

3.4.4. Gradient coatings 

Another strategy to decrease the difference between the properties of the hard film and 

the substrate is to deposit a gradient coating system. The gradient relates not only to the 

mechanical properties of the intermediate films, but also to the chemical composition. Voevodin 

et al. (1997) produced a coating system where a functionally gradient coating was placed 

between the steel substrate and the DLC. The gradient coating was based on Ti and TiC. Firstly, 

a soft titanium bonding layer was applied to the steel substrate. A gradient TiC was applied 

over the bonding layer, with an increasing carbon content and decreasing titanium content.  

Figure 20 presents a schematic of the gradient coating system. In their study (VOEVODIN et 

al., 1997), a substantial increase in adhesion, measured by scratch test, was also seen. 

 

Figure 20 – Schematic of the functionally gradient Ti/TiC/DLC coating design. 

Source: (VOEVODIN et al., 1997). 

Gilewicz et al. (2013) employed a CrCN//CrN multilayer before depositing a ta-C layer. 

The multilayer CrCN//CrN presented very high adhesion to the substrate and served to increase 

the adhesion of the entire system. Liu et al. (2018b) worked with a gradient system based on Cr 

and CrC. The bonding layer of Cr was first deposited over the substrate, followed by a gradient 
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layer of CrC, with increasing carbon content. Superior adhesion was observed for the system 

with CrC during scratch test, in comparison with concepts with no gradient layer (Cr/DLC) and 

less gradual transition (Cr/CrC/DLC), as seen in Figure 21. This superior adhesion permitted 

the deposition of a 50 µm-thick hydrogenated DLC. 

 

Figure 21 – Scratch test tracks for the gradient coatings based in Cr, CrC and DLC. 

Source: (LIU et al., 2018b). 

3.4.5. Carbon bombardment  

For cathodic arc deposition, a strategy much used is the inclusion of a carbon 

bombardment step before the DLC film deposition. Some authors reported improvements on 

adhesion for thin (20 – 300 nm) H-free DLC layers using this strategy (ANDERS et al., 1994; 

GERSTNER et al., 1995; HIRVONEN et al., 1993; KOSKINEN et al., 1994; PHARR et al., 

1996; PIVIN et al., 1993). Anders et al. (1994) produced a crack-free coating after applying 2,4 

kV bias voltage in the bombardment step. The adhesion improvement was explained by the 

formation of an extended mixed layer, up to 30 nm, between the carbon and the substrate. The 

formation of a mixed layer was also found by Gerstner et al. (1995), when a pulsed bias ranging 

between 10 kV and 20 kV was applied. In addition to that, the mixing layer was characterized 

by an amorphous structure. Furthermore, Pharr et al. (1996) reported not only the presence a 10 

nm-thick mixed layer, but also a lower density carbon layer formed over the mixed layer, which 

was codeposited during the bombardment stage with 2 kV of bias. Figure 22 presents the 

described structure. In turn, Koskinen et al. (1993), in their study with 19 different substrates, 

suggested that the adhesion improvement is closely correlated with the formation of carbides at 

the interface. Substrates containing elements with high affinity with carbon presented higher 

adhesion.   
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Figure 22 – Bright field TEM image showing the formation of mixed layer and a lower density carbon 
layer. 

Source: (PHARR et al., 1996). 

Another study (SHEEJA et al., 2001) complemented the understanding of the impact of 

the mixed layer in the adhesion. That study reported a critical load increase for increasing bias 

voltages (from 2,5 kV to 7,0 kV), as presented in Figure 23. This improvement was attributed 

to the increase in the mixed layer thickness.  

 

Figure 23 – Critical load as a function of substrate bias voltage during bombardment stage. 

Source: (SHEEJA et al., 2001). 

Further investigations stated improvements in adhesion for thicker coatings, from 2 to 8 

µm, using the carbon bombardment step, combined with metal interlayers (ANTTILA et al., 

1997; CHHOWALLA, 2001; ZAVALEYEV et al., 2013; ZAVALEYEV; WALKOWICZ, 

2015). The improvements were also accounted for the formation of a mixed layer (ANTTILA 

et al., 1997; CHHOWALLA, 2001) and carbide formation at the interface (ZAVALEYEV et 

al., 2013; ZAVALEYEV; WALKOWICZ, 2015). Zavaleyev et al. (2013) have reported that a 
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bias voltage of 500 V during the bombardment stage is also effective in the adhesion of the 

DLC with the chromium intermediate layer. This result is in line with the observation from 

Ratayski et al. (2011), where the formation of a mixed layer between carbon and chromium was 

seen for ion energies of 200 eV (bias: ~200 V) and 500 eV (bias: ~500 V). Zavaleyev et al. 

(2013) have also seen an impact of the temperature during bombardment and deposition on the 

adhesion. The adhesion of DLC increased with the decrease in temperature. The adhesion 

improvement was connected to the formation of the carbide Cr7C3, due to low substrate 

temperature (67 and 81 °C). For higher temperatures, the carbide formed was mainly C23C6, 

measured by XRD. 

Another explanation reported in the literature for the increase in adhesion due to the 

carbon bombardment is related to the removal of an oxide layer formed inside the chamber 

(OKA; YATSUZUKA, 2019; YATSUZUKA et al., 2008). Cooling steps are needed before the 

deposition of DLC, during which, even in vacuum, an oxide layer can form. Yatsuzuka et al. 

(2009) reported that, besides the carbon implantation during bombardment, it also promotes 

breakage of the oxide layer. This removal of oxide layer was considered to be essential for the 

improvement in adhesion, observed in scratch tests. Oka et al. (2019) complemented the 

understanding when reported that oxidation of the substrate was suppressed by a continuous 

bombardment.    
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4. MATERIALS AND METHODS 

4.1. Investigation strategy 

The experimental procedure of this investigation is divided into two main parts. First, a 

preliminary analysis will be conducted in samples with different carbon bombardment durations 

and one with no carbon bombardment. These samples will be used as the first assessment to 

correlate the adhesion performance to the coating interface structure. In this stage, a deep study 

will be conducted at the DLC interface, to identify the structures formed at the interface with 

the substrate and to verify possible formation of brittle phases. Additionally, scratch tests will 

be used to assess the adhesion performance. The results from this analysis, together with the 

literature review, will be used for the definition of important factors and parameters of the 

carbon bombardment step, to be explored in the second part of the work.  

The second part refers to the evaluation of additional parameters during the carbon 

bombardment step and its impact in adhesion. It consists of the elaboration and execution of an 

experimental plan with the variation of the parameters selected in the first stage. From those 

studies it will be possible to identify the most important factor and propose the best alternative 

of carbon bombardment parameters, to further improve the adhesion of thick a-C coatings.  

4.2. Coating deposition 

Depositions were conducted in an industrial cathodic arc physical vapor deposition 

equipment, where five pure graphite cathodes (>99.99 %at.) and four chromium targets are 

disposed. Figure 24 shows a schematic drawing of the cross section of the equipment, 

displaying the cathode positions. The carbon cathodes have 20 mm in diameter and 300 mm in 

length, and an individual feeding system pushes the cathode towards the arc spot as it is being 

consumed. The chromium targets are disks with 150 mm in diameter. The distance between the 

targets and the substrate was 150 mm. The chamber has three walls with cathodes, each one 

capable of working independently and having its own power supply. All cathodes work with 

direct current (dc) arc. The heater position and table movement (2-fold rotation) are also 

indicated in Figure 24. The table rotation speed was 5 RPM (main gear). 
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Figure 24 – Cross section scheme of the deposition machine. 

The coatings were deposited onto gas nitrided martensitic stainless steel (AISI 440B) 

samples. The use of steel is motivated by the goal to apply the thick a-C coating in automotive 

applications where a steel part is already used. The gas nitriding process was included prior to 

the deposition to avoid the “eggshell effect”, where coating failure occurs due to excessive 

substrate deformation under mechanical loads (KESSLER; HOFFMAN; MAYR, 2000). Prior 

studies have shown the benefits of using the nitriding layer to increase mechanical properties 

close to the surface (DALIBÓN et al, 2017; CAPOTE; TRAVA-AIROLDI; BONETTI, 2014), 

mitigating substrate deformation. Before the coating deposition process, the substrates were 

cleaned in ultrasonic deionized water baths. The deposition process started with the chamber 

pumping to a base pressure of 10-5 mbar and the heaters were turned on to increase the substrate 

temperature to 350 °C, to help chamber degassing (BUNSHAH, 2001). The substrates were 

then sputter cleaned with chromium ions with a bias voltage of 1000 V in 6 steps of 1 minute 

each. The following stage was the deposition of, approximately, 1 µm of metallic chromium 

bonding layer. Such thick intermediate layer work as a buffer layer for the 20 µm thick DLC, 

since it can accommodate relative displacements between the substrate and the coating (WEI, 

YANG and TAI, 2010). After the bonding layer deposition, the substrates were cooled down to 

100°C. Afterwards, a carbon bombardment step was included, where carbon ions were 

accelerated by high bias voltage. The bias of 1000 V was chosen because other authors reported 

that adhesion increase when using voltages higher than 500 V (RATAYSKI et al, 2011; 

ZAVALEYEV; WALKOWICZ, 2015). This stage was performed in cycles, in a way that each 

of five cathodes was turned on individually to minimize the increase in temperature during the 
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stage. One complete cycle means that all five cathodes were turned on one time. The total 

duration of this step is given the number of cycles. Finally, the a-C layer was deposited with a 

cathode current of 80 A, bias voltage of 40 V and temperature controlled between 160 °C and 

220 °C. The temperature was measured by thermocouples located near the substrate and when 

the temperature reaches the maximum value, the cathodes were turned off. The duration of the 

deposition was chosen to provide a minimum thickness of 20 µm. After the deposition and prior 

to the Scratch tests, the samples were ground and polished using diamond sandpapers with grain 

sizes from 45 µm to 9 µm . 

For the preliminary analysis, different durations were selected for the carbon 

bombardment step (experiments A and B). The parameters used for this stage are presented in 

Table 1. An experiment without this step was also conducted, for reference purposes 

(experiment C). One remark is that the temperature during the carbon bombardment step was 

not controlled for the experiments A and B, although the temperature profiles for both 

experiments are equal. 

Table 1 – Parameters used in the carbon bombardment for preliminary analysis and for the second part 
(parameters study). 

 
Experiment Bias voltage 

(V) 
Duration  

(s) 
Cathode 

Current (A) 
Temperature  

(ºC) 

Preliminary 
analysis 

A 1000 180 60 NA 
B 1000 330 60 NA 
C carbon bombardment not conducted 

Effect of 
Bias 

Voltage and 
Duration 

D 500 180 60 80 – 100 
E 500 330 60 80 – 100 
F 1000 180 60 80 – 100 
G 1000 330 60 80 – 100 

Effect of 
Cathode 
Current 

H 500 180 40 80 – 100 
I 500 180 60 80 – 100 
J 500 180 80 80 – 100 

Effect of 
Temperature 

K 1000 180 60 80 – 100 
L 1000 180 60 60 – 80 

 

For the second part of the work, the findings of the first part were considered to design 

new experiments to change the interfacial structure and achieve the highest adhesion. Three 

different sets of experiments were planned. For all set of experiments, the functional a-C layer 

was deposited with the same parameters as already described. The parameters to be explored in 

the first set are the bias voltage and duration of the carbon bombardment step. This set is also 
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presented in the Table 1, with constant cathode current. The experiments were named from “D” 

to “G”.  

The second set of parameters explored the influence of cathode current during the 

bombardment stage. The experiments were named from H to J. In this set, the bias was kept at 

500 V and the duration in 180 s. The cathode current was set to 40, 60 and 80 A.  

Finally, the third set of parameters had the objective of evaluating the influence of the 

substrate temperature on the interfacial structure and adhesion level. The temperature was 

measured by three thermocouples located in different positions inside the chamber. The 

temperature in experiment K was kept between 80 to 100 ºC and from 60 to 80 ºC in experiment 

L. The temperature in the bombardment stage can be adjusted by the cooling time just after the 

chromium intermediate layer deposition.  

4.3. Characterization techniques 

4.3.1. Instrumented indentation 

The instrumented indentation consists of continuous recording of the load, F, and the 

penetration depth, h, during an indentation made by an indenter of a hard material and a known 

shape. The data collected permits the determination of hardness and some material properties, 

such as Young’s modulus (INTERNATIONAL ORGANIZATION FOR 

STANDARDZATION, 2015). Figure 25 shows an example of a load-displacement curve 

obtained during the test. Unlike the conventional indentation test, the instrumented indentation 

does not require the measurement of the indent after the test, which permits the use of very 

small loads (thus, very small prints). This feature makes the instrumented indentation the main 

technique to assess thin coating properties.  

 

Figure 25 – Instrumented indentation of load/unload curve. 
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The calculation of the properties is carried out based on the load-displacement curve, with 

the methodology proposed by Oliver and Pharr (1992). The indentation hardness, HIT, is 

calculated using Equation (3). 

'() = �����	                  (3) 

Fmax is the maximum applied load and Ap is the projected area of contact between the 

indenter and the test piece. Ap is normally given by the indenter area at the contact depth, hc. 

The contact depth, in turn, depends on the stiffness of the contact, S, given by a tangent of the 

unloading curve that passes over the maximum depth.  

To calculate the Young’s modulus, EIT, it is necessary to calculate the reduced modulus, 

E*
IT, first. The reduced modulus is given by Equation (4) (INTERNATIONAL 

ORGANIZATION FOR STANDARDZATION, 2015).  


��∗ = √,
2   -

.�	
                 (4) 

Then, the Young’s modulus will be given by Equation (5). 


�� = 1 % (��)0
1
��∗ % 1 % (��)0


�
      (5) 

In Equation (5), �� and �� are the Poisson’s ratio of the test piece and the indenter, 

respectively, and Ei is the Young’s modulus of the indenter. A summary of the calculation 

procedure for hardness and Young’s modulus using instrumented indentation is shown in 

Figure 26.  
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Figure 26 – Summary of the calculation procedure for the hardness and Young’s modulus using the 
instrumented indentation 

Source: adapted from CSM instruments. 

The indenters are usually made of diamond (��:0.07 and Ei: 1040 GPa). The main shapes 

used for the indenters are the Berkovich (3-sided pyramid), Vickers (4-sided pyramid) and 

Conical. For very low loads, the mechanical deformation strongly depends on the real shape of 

the indenter tip. Therefore, careful calibration of both instrument and indenter shape is required 

in order to achieve an acceptable reproducibility of the materials parameters determined with 

different machines (INTERNATIONAL ORGANIZATION FOR STANDARDZATION, 

2015). 

 Equipment and procedure 

The hardness and Young’s modulus of the a-C coatings were measured on the cross 

section of the coating, with a commercial nano-indenter, Anton Paar NHT3 ®, shown in Figure 

27. Measurements were conducted with a Berkovich type indenter and properties were 

calculated using the Oliver & Pharr method (OLIVER; PHARR, 1992). The load used for the 

measurements was 20 mN, to ensure that border effects were negligible (INTERNATIONAL 

ORGANIZATION FOR STANDARDZATION, 2016). The average of 10 valid measurements 

was taken. For the Young’s modulus calculation, it was assumed a Poisson’s ratio of 0.25 for 

the coating (ANDERS et al., 1997). 
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Figure 27 – Commercial nano-indenter, Anton Paar NHT3 ®. 

4.3.2. Internal stress measurement 

The coating residual stress was assessed by the change of curvature of small steel strips, 

following the Stoney equation (JANSSEN et al., 2009). The strips were made of SAE 1070 

steel with 0.79 mm in thickness. The Stoney equation to measure the stress (σ) is presented in 

Equation (6). 

2 = 
�����0
6(1 % ���)�� 4 1

�� % 1
��5              (6) 

where, 
��, ��� and ��� are the Young’s modulus, Poisson’s ratio and thickness of the 

steel strips, respectively, and �� is the thickness of the coating. �� and �� are the radii of 

curvature measured before and after deposition, respectively. 

4.3.3. Transmission Electron Microscopy – TEM 

Unlike optical microscopy, which uses light to produce images, electron microscopy uses 

electrons. The transmission electron microscopy is based on the transmission of a beam of 

electrons through a very thin specimen (< 100 nm) to form an image (WILLIAMS; CARTER, 

2009). The diagram shown in Figure 28-(a) shows the path of the electron beam to form the 

image. Electrons are generated in the cannon (Filament + Wehnelt cap + anode plate). Firstly, 

the electron beam is condensed by the first set of electromagnetic lenses (condensers). In this 

stage, the beam is focused on the sample. The incident beam will be partly transmitted, partly 

diffracted and partly absorbed by the interaction with a sample. For the formation of the bright 
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field (BF) image, only the transmitted part is considered. The transmitted beam, then, passes 

through the objective lens, which is responsible for the formation of the first image. The 

aperture of the objective lens is responsible for blocking the diffracted beam, allowing only the 

passage of the transmitted beam. If the lens aperture is selected to allow the diffracted beam to 

pass, the dark field (DF) image will be formed. The image formed after passing through the 

lens is still small. Therefore, two more sets of lenses (intermediate and projection lens) are used 

to enlarge the image. 

Figure 28-(b) also presents the path of the electron beam for the formation of the 

diffraction pattern. In this case, one is interested in the beam that diffracted after passing 

through the specimen. The diffracted beams pass by specific points in the focal plane of the 

objective. These points are defined according to the type of material analyzed, the crystallinity 

and the crystal planes present. The aperture is then selected to allow only the diffraction patterns 

that passed through the area of interest. 

 

Figure 28 - (a) Path of the electron beam to form the image, (b) Path of the electron beam for the 
formation of the diffraction pattern. 

Source: (WILLIAMS; CARTER, 2009) 
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Vacuum is essential for electron microscopy, to minimize the interference of gases or 

molecules with the path of the emitted electrons. It is also important to control the density of 

electrons that will be used in microanalysis and for the proper functioning of the electron guns. 

Most TEM equipment has also the possibility to work in the scanning mode (STEM). In 

this case, the electron beam is focused in only one point, which is scanned over the sample. The 

image in the scanning mode is not formed by lenses, but by detectors that read the intensity of 

signal. The signal is generated at a point on the specimen, detected, amplified, and a 

corresponding signal displayed at an equivalent point on the computer display. The image 

builds up over several seconds or even minutes. The advantage of STEM mode is that the 

resolution is not limited by the lens defects. The STEM has also BF and DF modes. They differ 

by the location where the signal is detected. The BF detector is found on-axis of the incident 

beam and collects the signal of the direct beam.  For the formation of the DF image, an off-axis 

annular detector is used. This detector peaks up the signal generated by scattered electrons. In 

this case, the image will have an enhanced mass-thickness contrast. The scheme for the 

formation of images in the STEM mode is shown in Figure 29.  

 

Figure 29 – Scheme for the formation of images in the STEM mode. 

Source: (WILLIAMS; CARTER, 2009) 

 Equipment 

The structure of the interface between the substrate and the coating was analyzed by 

Transmission Electron Microscopy (TEM), using a JEOL 2100F microscope operating at an 

accelerating voltage of 200 kV. The microscope was operated in Scanning Transmission 

Electron Microscopy (STEM) mode. The STEM was adopted for image acquisitions and 
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coupled with Electron Energy Loss Spectroscopy (EELS), to generate a compositional analysis 

at the interface and to obtain the sp2/sp3 ratio (relative quantification of sp2) of the DLC layer. 

 Sample preparation 

TEM specimens were prepared using a Focused Ion Beam (FIB) lift-out method in FEI 

Helios 660 (Dual Beam) equipment. A procedure similar to that reported by (MENG-

BURANY; ALPAS, 2007) was conducted.  

4.3.4. Electron Energy Loss Spectroscopy – EELS 

Electron energy loss spectroscopy is the analysis of the energy distribution of electrons 

that passed through the specimen. These electrons may have lost no energy or may have 

suffered inelastic (usually electron-electron) collisions. The energy loss can be correlated to the 

chemistry and the electronic structure of the specimen atoms, which in turn reveals details of 

their bonding/valence state, the nearest-neighbor atomic structure, their dielectric response, the 

free electron density, the band gap (if there is one), and the specimen thickness (EGERTON, 

2009). The EELS can detect and quantify all elements of the periodic table and it is most used 

for light elements, which are a limitation for the energy dispersive X-ray (EDX) analysis 

(WILLIAMS; CARTER, 2009).  

In order to examine the spectrum of electron energies, a magnetic-prism spectrometer is 

used. The magnetic prism/energy filter is a highly sensitive device with an energy resolution 

<1 eV, even with high electron-beam energy. The spectrometer is usually installed after the 

viewing screen and electron detectors. A schematic view of the spectrometer is presented in 

Figure 30. The electrons travel down a drift tube, where they are deflected over 90°, due to the 

magnetic field. Electrons that have loss energy will deflect more than those that did not lose 

energy. The spectrum is formed in a CCD or photodiode screen, consisting of the distribution 

of electron intensities as a function of the energy loss (EGERTON, 2009).  
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Figure 30 – Schematic view of the EELS. 

Source: (WILLIAMS; CARTER, 2009) 

 Equipment and procedure 

EELS technique was used to understand standard carbon k edge features related to sp2 

(graphite) and sp3 (diamond) bonding states and to evaluate the sp2 percentage.  It is essential 

to point out that graphite is not 100% pure sp2 material (graphene is an example of pure sp2 

material). However, all the sp2 quantification in this work are related to a graphite sample, 

which has 95% of sp2. In order to reduce measurement errors related to sp2 quantification, 

rigorous and time-consuming methods were adopted based on the literature (PAPWORTH et 

al., 2000). This method includes the acquisition of EELS spectra of a standard sample in the 

same working condition of the samples that are analyzed. Further, the ratio between sp2 and sp3 

is calculated taking the ratio between the area underneath σ peak and π peak of the sample and 

compared to the standard graphite sample (BERGER; MCKENZIE; MARTIN, 1988; 

GALVAN et al., 2005).  

4.3.5. Scratch test 

The scratch test was already described in the section 3.3.2. 

 Equipment and procedure 

The adhesion strength was evaluated by Scratch test, in an equipment available 

commercially, Anton Paar REVETEST® RST3, presented in Figure 31. The test followed a 

progressive load procedure, with increase in load from 0 N to 100 N, at a loading rate of 100 
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N/min. The progressive load was chosen due to better specimen utilization, since one single 

scratch covers a full load range. The indenter had a Rockwell C geometry with radius of the 

stylus of 0.2 mm and the scratch length was 10 mm. The critical load and failure type were 

defined by optical microscopy analysis and results representative of three scratches were 

reported. Before performing the test, the samples were ground and polished using diamond 

sandpapers with grain sizes from 45 µm to 9 µm. This procedure is performed to achieve a 

roughness Rz below 1.5 µm to avoid any negative effect to the test and to the stylus. 

 

Figure 31 – Anton Paar Revetest RST3. 
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5. RESULTS AND DISCUSSION 

5.1. Preliminary analysis  

5.1.1. Coating properties 

Table 2 presents an overview of coating properties obtained during the preliminary 

analysis. For all three experiments, a chromium interlayer with thickness of 1.1 µm was 

obtained. The similarity in thickness was expected since the same parameters were used during 

this step. Regarding the functional a-C layer, thicknesses of 21.5 µm, 23.9 µm and 21.7 µm 

were found for experiments A, B and C, respectively. The difference of approximately 2 µm, 

between experiments A and B, can be explained by variations of the deposition rate along the 

position in an industrial-sized chamber. Such small difference does not impact the adhesion 

behavior measured by Scratch test (FORSICH et al., 2014).  A representative cross section of 

the a-C coating obtained by SEM is presented in Figure 32. The coating structure and properties 

are expected to be affected by the presence of macroparticles, which are inherent of the cathodic 

arc deposition process. However, this effect will not be discussed in this work, since it is 

expected to be similar for all samples.  

 

Figure 32 – Representative cross section of DLC coating obtained by SEM. Section taken from coating 
produced by Experiment A. 

Thicknesses over 20 µm are more common in the literature for hydrogenated DLC films 

(AN et al., 2019; DALIBÓN et al., 2019). For H-free amorphous carbon films, only Grimm et 

al (2010) reported thickness up to 70 μm, produced by pulsed arc, and Araujo et al [39] 

disclosed layers up to 60 µm with the use of dc arc evaporation. The reduced occurrence of 
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thicker a-C layers in the literature is mainly due to adhesion problems of super-hard or hard 

coatings, which usually limit the film thickness to, approximately, 2 µm (CHOLERIDIS et al., 

2018).   

The hardness evaluation provided values of 28.6 GPa, 30.9 GPa and 29.0 GPa, for 

experiments A, B and C, respectively. The studied a-C can be classified as hard in the 

classification proposed by (DWIVEDI; KUMAR; MALIK, 2012), since it exceeds 20 GPa. The 

hardness of the three experiments are equivalent when the standard deviation is considered. 

Therefore, the impact of the carbon bombardment step on the functional layer hardness was not 

significant. This fact is in accordance with other studies that reported that the hardness of the 

amorphous carbon layer is affected mainly by the substrate temperature and the carbon ion 

energy (LIFSHITZ, 1996; LIFSHITZ et al., 1993), which were kept constant in all three 

experiments. Additionally, those studies reported that the hardness grows with increasing ion 

energy up to the maximum of 100 eV and decreases for higher energy values, due to thermal 

effects (ROBERTSON, 1993). The ion energy for the current work is about 60 eV, calculated 

as the sum of the original ion energy in the plasma, which is ~20 eV in carbon cathodic arc 

plasmas (ANDERS; YUSHKOV, 2004), and the energy gained by a singly charged ion 

accelerated by the potential of the applied bias (40V for the three samples) (BILEK et al., 2005). 

Consequently, it can be inferred that the hardness achieved in this work is smaller than those 

found in other studies, which achieved up to 70 GPa (CHHOWALLA, 2001; PHARR et al., 

1996), due to the lower ion energy chosen for the deposition. 

The coating residual stress values for the experiments are also presented in the Table 2, 

with exception of experiment C, which could not be measured due to severe coating detachment 

from the steel strip used. The longitudinal residual stresses found for the experiments A and B 

were 0.75 GPa and 0.71 GPa, respectively. A residual stress under 1 GPa is lower than that 

reported for super hard amorphous layer deposited by cathode arc evaporation, which are from 

4 to 10 GPa (CHHOWALLA, 2001; VEERASAMY et al., 1993, FALLON et al., 1993). More 

recent studies explored other strategies to reduce stress, with the most promising being high 

pulsed biasing (TAY; SHEEJA; YU, 2003). A residual stress of 0.9 GPa was achieved for a 1 

μm-thick coating with moderate hardness (36 GPa) by Zhang et al (2005), using the same 

strategy. The reduction in stress was a consequence of the relaxation of the layer during positive 

pulse, when there is no deposition (DELPLANCKE-OGLETREE; MONTEIRO, 2003). The 

results achieved in this work suggest that similar effects have occurred during the coating 
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deposition. Despite the use of a dc bias, the 2-fold table rotation induces a pulsed-like deposition 

since the coating is deposited only when the parts are directly in front of the carbon cathodes 

(Figure 24). Further experiments are recommended to confirm this hypothesis.      

Table 2 – Thickness, hardness, Young’s modulus and coating stress for the experiments A, B and C. 

Experiment chromium 
Thickness 

[µµµµm] 

a-C Thickness 
[µµµµm] 

a-C Hardness 
[GPa] 

Young’s 
Modulus 

[GPa] 

Coating 
Stress 
[GPa] 

A 1,1 ± 0,1 21,5 ± 0,9 28.6 ± 2.1 290 ± 15 0.75 

B 1,1 ± 0,1 23,9 ± 0,3 30.9 ± 0.9 304 ± 35 0.71 

C 1,0 ± 0,1 21,7 ± 0,6 29.0 ± 1.0 295 ± 12 
Not able 

to 
measure 

 

5.1.2. Interface analysis 

Figure 33 presents bright-field TEM images of the cross sections of the chromium/DLC 

interface for experiments A and B. The coating from experiment C was not analyzed by TEM 

since the carbon bombardment was not included. The same structure is observed in both 

samples. The chromium interlayer can be observed at the bottom of the pictures, as a dark layer. 

Over the chromium interlayer, a very thin dark grey layer is observed. EELS analysis indicated 

that this layer is composed of chromium and carbon, and it will then be named hereafter as a 

mixing layer.  In addition, a bright layer lies over the mixing layer. For this layer, only carbon 

was found in the EELS analysis. Thus, it will from now on be referred to as a carbon transition 

layer. Finally, the functional a-C is set over the carbon transition layer. The functional layer is 

also only composed of carbon, despite the multilayer aspect. Since the carbon transition layer 

and the functional a-C layer are both composed only by carbon, the difference in contrast is due 

to differences in density and to the mechanism of mass-thickness contrast in a BF-STEM image. 

High density areas of the specimen (darker) will scatter more electrons off axis than lower 

density (lighter) areas (WILLIAMS et al., 2009). Therefore, it is possible to infer that the carbon 

transition layer has lower density than the functional a-C.  
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Figure 33 – STEM – Bright-Field images of the chromium/DLC interface for experiments A (a) and B 
(b). 

The multilayer aspect is better seen in Figure 34. This aspect can be derived from different 

densities that are produced by changes in the a-C growth parameters (SCHULTRICH, 2011). 

In the present case, the deposition angle is continuously changed along the deposition, due to 

the two-fold rotation used in the substrate holder, and hence it is the main reason for the 

formation of the multilayer aspect (DRESCHER et al., 1998). Moreover, the thickness of each 

sublayer is in the same order of magnitude when compared to the deposition rate and the time 

that the parts are in front of the carbon targets. In fact, for the functional a-C layer produced, 

there is a sp3/sp2 variation along the layer, as shown by a sp2 profile measured by EELS (Figure 

35). The sp2 varies from 64% to 70%. This effect can serve as an evidence for the relaxation 

process that occurs during coating growth. When there is no deposition (sample far from 

cathode), the layer is relaxed due to the formation of more sp2 bonds. As described before, these 

periods without deposition may be responsible for residual stress reduction.  

 

Figure 34 – Detailed picture of functional a-C layer, where the multilayer aspect can be seen. 
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Figure 35 - sp2 profile of functional a-C layer measured by EELS. 

Further investigations were conducted by image processing and calculation of the sp3 

content measured by EELS. The quantifications of sp-bonds were made based in the height 

ratio and the energy difference between the decomposed σ and π carbon K-edge in the EELS 

spectra collected from samples A and B (GALVAN et al., 2005). Table 3 summarizes the results 

of thickness and sp3 content of functional DLC, carbon transition layer and mixed layer for 

experiments A and B. Again, it is possible to confirm that the functional a-C properties are 

similar in both experiments, since the measured sp3 content was 32% to 34% in experiment A 

and 30% to 36% in the experiment B. The range of 2 points and 6 points for experiments A and 

B is explained by the presence of the multilayer aspect, as already described above, which not 

only was caused by difference in density, but also resulted in differences in sp3 content. Such 

trend was reported by another author (VEERASAMY et al., 1993). EELS analysis of the carbon 

transition layer resulted in a sp3 hybridization much lower than that observed in the functional 

a-C. The values were 24% in experiment A and 17% in the experiment B.  

Figure 36 presents a dark-field image of the region analyzed in sample A along with the 

EELS spectra of functional a-C layer (point 1) and carbon transition layer (point 2) used to 

calculate the sp3 content. It can be noted that the spectrum collected from the carbon transition 

layer has a π peak more intense than that observed for the a-C layer spectrum. This observation 

matches with the calculated sp3, since the π peak is a characteristic of graphite (BERGER; 

MCKENZIE; MARTIN, 1988; ZHANG et al, 2016). 
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Figure 36 – Dark-field image of a representative region analyzed in sample A. Two EELS spectra 
extracted from different points of the spectral line marked with 1 (functional a-C layer) and 2 (carbon transition 

layer) and Gaussian fits of the σ and π peaks marked with red color. 

 

Regarding the thickness of the carbon transition layer, a significant difference can be seen 

between experiment A and experiment B. The former had a thickness of 33 nm, in average, 

while a thickness of 98 nm was found in the latter. Furthermore, the image analysis showed that 

the thickness of the mixed layer was about the same for both experiments, around 3 to 6 nm.  

Table 3 - Thicknesses and sp3 content of functional a-C, carbon transition layer and mixed layer for the 
experiments A and B. 

Layer Feature Experiment A Experiment B 

Functional a-C sp3 content (%) 32 – 34  30 – 36 

Carbon 
Transition layer 

sp3 content (%) 24 17 

Thickness (nm) 33 98 

Mixed layer Thickness (nm) 5 ±1 4 ±1 

 

The formation of the mixed layer and carbon transition layer can be directly correlated to 

the carbon bombardment step that was included in experiments A and B. Evidence for that 

statement are: i) the presence of carbon in the mixed layer, caused by penetration of highly 

energetic carbon ions in the chromium interlayer; and ii) the low sp3 content observed in the 
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carbon transition layer is compatible with an a-C layer grown with high energy carbon ions.  

Similar mixing layers were found by other authors. For instance, Chhowalla et al. (2001) 

reported a mixed layer of 5 to 10 nm between carbon and a titanium-based substrate, due to a 

1000 eV carbon ion bombardment step. Ratayski et al. (2011) also observed a mixed layer of 

carbon over chromium with 3 to 4 nm, when an ion energy of 500 eV was employed. It is also 

detailed in the study from Sheeja et al. (2001) that the mixed layer increases in thickness when 

higher ion energies are used, in accordance to the subplantation model (LIFSHITZ; LEMPERT; 

GROSSMAN, 1994), which describes that the penetration depth increases with increasing ion 

energy. In summary, the mixed layer observed in the present study is in line with the literature, 

since a 6 nm layer was detected for an ion energy of, approximately, 1000 eV. 

Regarding the carbon transition layer, it is clear that the duration of the bombardment step 

had an impact on its thickness. For the experiment A, where a duration of 180 s was selected, 

the thickness was 33 nm, while for the experiment B a duration of 330 s produced a layer of 98 

nm. That difference suggests that during the carbon bombardment step an initial intermixing 

stage occurs followed, after saturation, by coating growth at 1000 V that formed the carbon 

transition layer. The saturation refers to the point where the energetic carbon ions that reach the 

sample stop to penetrate the subsurface to form the mixing layer and start forming a carbon 

layer onto the mixed layer. The saturation of the mixing layer can explain this difference in 

growth rate of the layer formed at 1000 V, for instance, a saturation time of 100 seconds could 

equalize the growth rate of the carbon transition layer in experiments A and B. In this case, the 

actual duration to be considered in the formation of the carbon transition layer would be 80 s 

for experiment A and 230 s for experiment B (obtained by subtraction of total duration by the 

saturation time). Therefore, both samples would present a growth rate of 2.4 nm/s for the 

transition layer. This suggested saturation is also in line with the findings of Ratayski et al. 

(2011) and Sheeja et al (2001), who have reported that the mixed layer only increases with a 

change in ion energy. The saturation can also explain why the thickness of the mixed layer was 

the same for experiments A and B. 

Another important aspect is the low sp3 content measured in the carbon transition layer, 

in comparison with that observed in the functional a-C. This fact can be explained by the 

increase in surface temperature due to the high energetic carbon ions that reach the substrate 

(LIFSHITZ et al., 1993; SCHULTRICH, 2011). The values of 17% to 24% of sp3 content, 

obtained for ~1000 eV, agree well with the data by Chhowalla (2001) and Fallon et al. (1993), 
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who reported values of sp3 lower than 30% for energies above 500 eV. Phaar et al. (1996) also 

observed the growth of a thin carbon layer with lower density over a mixed layer when a two-

step process was applied. Both layers resulted from the first step of the process, where a bias 

voltage of 2000 V was employed. Those authors (PHARR et al., 1996) established that the 

lower density layer was codeposited during carbon implantation. Similar observations were 

reported by Sheeja et al (2000), who studied a soft carbon interface layer deposited by ion 

energies from 1000 eV to 3500 eV. On the other hand, Chhowalla (2001) also made use of a 

two-step process, but only a mixed layer was observed. Hence, the formation of a carbon 

transition layer is not always observed when a carbon bombardment step is used. This is an 

important observation that can reinforce the hypothesis that the carbon transition layer is formed 

only after the saturation of the mixing layer.  

The present study indicates that the duration of the bombardment step is an important 

parameter to define the interfacial structure between the substrate and the functional a-C layer. 

It was observed that an extended duration of the carbon bombardment step is able to produce a 

carbon transition layer with low density over the mixing layer, and that longer durations can 

also increase the thickness of the formed low-density layer.  

5.1.3. Adhesion test 

Adhesion tests were conducted on three samples from each experiment. Figure 37 

presents representative images of the samples surface after scratch test for experiments A, B 

and C. Failure and quantification of critical load were based on observation of the images made 

by optical microscopy. The critical load used is the Lc2, which corresponds to the onset of 

coating detachment (ASTM INTERNATIONAL, 2015). Different failures can be observed on 

the three experiments. The sample from experiment A presented only a small exposure of the 

substrate, near the end of the scratch, and within the track region. In experiment B, a more 

intense failure is observed at the end of the scratch and the failed area exceeds the lateral limits 

of the zone with indenter direct action. Finally, in experiment C, the failure is characterized by 

small lateral delaminations along the entire scratch track. Failures observed in samples B and 

C presented brittle features, similar to the descriptions by Sharma et al. (2012). EDS analyses 

identified chromium on the failed surface in those samples. Therefore, the adhesion failure 

occurs between the chromium intermediate layer and the a-C layer. Similar observations were 

reported by An et al. (2019), for hydrogenated DLC. 
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Figure 37 – Representative pictures of sample surface after Scratch test for experiments A (top) B 

(middle) and C (bottom). 

Figure 38 presents the results of critical load for each experiment. Experiment A was 

associated with the highest Lc2, of 87 N, while experiments B and C presented Lc2 of 75 N and 

7 N, respectively. It is difficult to directly compare these critical loads with values presented in 

other works, since many features can influence the results (STEINMANN; TARDY; 

HINTERMANN, 1987), for instance, the substrate, coating thickness and scratch parameters. 

Nevertheless, a similar Lc2, of 73 N, was achieved by Liu et al. (2018) for a hydrogenated 

coating with thickness of 50 µm, deposited by anode layer ion source. For that case, the 

adhesion improvement was explained by a highly energetic chromium and carbon ion treatment 

that produced a graded interfacial structure. Such high critical loads obtained for the 

experiments A and B can also be explained by the high thickness, due to a self-sustaining effect, 

as stated by Forsich et al. (2014). The stress distribution is more homogeneous along coating 

thickness, reducing the stress level at the interface, and delaying the failure.   

 

Figure 38 – Critical load (Lc2) for experiments A, B, and C. 
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By the comparison of the results of experiments A and B with experiment C, one can see 

that not only the thickness is responsible for the high critical loads. It can be inferred that the 

adhesion of the a-C layer has significantly increased when carbon bombardment was used 

before functional a-C deposition. The significant increase in adhesion can be correlated with 

the presence of the mixed layer and the carbon transition layer. Other authors that have also 

worked with cathodic arc deposition observed enhanced adhesion for samples with the 

formation of a mixed layer (CHHOWALLA, 2001; PHARR et al., 1996) and formation of 

carbides at the interface (PIVIN et al., 1993; ZAVALEYEV et al., 2013). Koskinen et al. 

(1994), when studying adhesion over 19 types of substrates, have reported that the adhesion is 

better for materials with strong affinity to carbon, due to the formation of adherent carbides.  

Another important observation is the increase in adhesion from experiment A to 

experiment B. This increase can be correlated to the thinner carbon transition layer formed in 

experiment A, due to a shorter bombardment stage. Thicker carbon transition layers can induce 

early failure, which can possibly be attributed to its lower shear resistance. Since it is a sp2-rich 

layer, it possesses sheareable basal planes (ROBERTSON, 1991). This effect can be minimized 

by the decrease of the carbon transition layer thickness. On the other hand, the suppression of 

the carbon transition layer may be unsuitable for adhesion, since a thin sp2-rich layer can help 

to reduce the interface stress (IIJIMA et al., 2018). Ha et al. (2006) reported benefits in adhesion 

when an additional control layer of low stress was added under H-free a-C. 

5.2. Parameters study  

As seen in the Preliminary analysis (5.1), the carbon bombardment duration played an 

important role in the adhesion. In this chapter, the combination of the duration and bias voltage 

will be analyzed in a first set of experiments and the cathode current and temperature will be 

analyzed in other two sets of experiments, as described in the Table 1. The focus of this part is 

in the adhesion tests since the intention is to improve the adhesion level. Later, some 

experiments were chosen to be analyzed by TEM to evaluate the interface structure. 
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5.2.1. Effect of bias voltage and duration 

 Coating properties 

The functional a-C layer was evaluated to check if the properties were within a similar 

range of those of the preliminary tests, since the deposition parameters used were the same. 

Table 4 summarizes the results for a-C thickness and hardness. Thicknesses of 24.5 µm, 24.9 

µm, 22.6 µm and 23.1 µm were found for experiments D, E, F and G, respectively. If the 

standard deviation is considered, the difference is statistically insignificant. The difference can 

be explained by variations of the deposition rate along the position in an industrial-sized 

chamber, as already discussed. Significant differences were not observed in terms of hardness 

when the standard deviation is considered. The values remained between 28.3 and 29.9 GPa.  

The minor difference in hardness and thickness for the functional a-C layer implies that 

the a-C layer will not impact the adhesion results. Therefore, the differences observed in the 

critical loads could be accounted for only for the interfacial structure produced by the carbon 

bombardment stage, which is the focus of this study.  

Table 4 – Thickness and hardness for the experiments D to G. 

Experiment BIAS voltage  
(V) 

Duration  
(s) 

a-C Thickness 
(µm) 

a-C Hardness 
(GPa) 

D 500 180 24.5 ± 1.9 29.4 ± 1.5 
E 500 330 24.9 ± 1.4 29.9 ± 1.9 
F 1000 180 22.6 ± 0.9 28.5 ± 1.6 
G 1000 330 23.1 ± 1.1 28.3 ± 1.7 

 

 Adhesion tests 

The adhesion tests were evaluated in a similar way as already described in the section 

5.1.3. The representative pictures of sample surface after the scratch test for the experiments D 

to G are presented in Figure 39. The failure mode for all experiments is similar, which is 

characterized by spallation and an intense coating detachment that exceeds the lateral limits of 

the zone with the stylus direct action. A similar type of failure was also observed by Zawischa 

et al. (2021), who concluded that, for this kind of failure in ta-C coatings, the maximum von 

Mises stress in both coating and substrate material is located near the interface. As seen for 

experiments B and C, the adhesion failure occurs between the chromium intermediate layer and 

the a-C layer, as observed during an EDS analysis of the failed surface (not shown in this work). 
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This suggest that the failure presents a relationship with the structure between the chromium 

layer and the a-C layer.  

 

 

 

 
Figure 39 - Representative pictures of sample surface after Scratch test for experiments D to G.  

Despite the similarity of the failure mode for all samples, the failure happened at different 

loads. Therefore, it is important to evaluate the critical load to compare the adhesion level. The 

average and standard deviation for the Lc2 of each experiment is shown in Figure 40. The highest 

Lc2 was achieved by the experiment F (72 N), followed by the experiments D (66 N), E (62 N) 

and G (47 N).  

 

Figure 40 – Critical load (Lc2) for experiments D, E, F and G. 
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same bias voltage, experiments D and F, respectively. The same effect was already seen in the 

preliminary analysis, where the reduction in adhesion was explained by an increase in the 

carbon transition layer thickness. Thicker carbon transition layers can induce early failure, 

which can possibly be attributed to its lower shear resistance. On the other hand, the impact 

was not the same for the two level of bias voltages. For the experiments with 500 V, the decrease 

in Lc2 was only 4 N, whilst the decrease in the experiments with 1000 V was 25 N. This 

remarkable difference in the effect of the duration can suggest that there is another important 

factor playing a role in the behavior of the carbon transition layer. The other factor is possibly 

the sp3 content of the carbon transition layer. A coating grown at a bias voltage of 500 V is 

expected to have a higher sp3 content than a coating grown at 1000 V (FALLON et al., 1993; 

MCKENZIE et al., 1991; VEERASAMY et al., 1993; XU et al., 1996). Therefore, it is expected 

that the experiments D and E have a carbon transition layer with higher sp3 content that the 

experiments F and G. In this way, it can be suggeted that a carbon transition layer with higher 

sp3 is less susceptible to the thickness variation, since the sp3 bonds provide higher shear 

strenght.  

Regarding the single effect of the bias voltage, the results from the experiments D and F 

(180 s) and E and G (330 s) will be compared. For the lower duration level (D and F), a small 

increase in the Lc2 was seen, from 66 N in the experiment D to 72 N in the experiment F. As 

discussed in the last paragraph, it is expected that the experiment D have a carbon transition 

layer with a higher sp3 content due to the lower bias voltage. Hence, a better adhesion would 

be expected, but this was not observed. However, the preliminary analysis showed that not only 

the carbon transition layer rules the adhesion behavior but also the mixing layer. Focusing on 

the impact of the bias voltage in the mixing layer, it was already reported that the increase in 

bias voltage increases the thickness of the mixing layer (RATAYSKI et al., 2011). In the light 

of that, it is reasonable to suggest that the adhesion increase observed in the experiment F can 

be explained by a broader mixing layer produced by the 1000 V bias. Our analysis was not able 

to differentiate the mixing layer thickness but the adhesion improvement by a thicker mixing 

layer was reported in another work (SHEEJA et al., 2001). 

Focusing in the higher duration level (E and G), a completely difference results is seen. 

A reduction of 15 N in Lc2 was observed from the experiment E (500 V) to experiment G (1000 

V). In this case, the positive effect of the higher bias voltage in the mixing layer was not 

effective in the adhesion behavior. From the preliminary analysis findings regarding the impact 
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of duration, it can be deduced that the increase of the carbon transition layer thickness with a 

lower sp3 content leads to early adhesion failure, overcoming the mixing layer impacts.  

5.2.2. Effect of cathode current 

 Coating Properties 

The a-C thickness and hardness for the experiments related to the carbon cathode current 

(H, I and J) are presented in Table 5. The thicknesses stayed within the range between 23.2 and 

24.4 µm and the hardness in the range between 28.5 and 30.0 GPa. The a-C coatings for all 

samples can be considered similar, since the hardness and thickness have no significant 

difference. The minor difference is explained by the reasons already discussed.  

Table 5 – Thickness and hardness for the experiments H, I and J. 

Experiment Cathode 
Current 

(A) 

BIAS voltage  
(V) 

Duration  
(s) 

a-C Thickness 
(µm) 

a-C 
Hardness 

(GPa) 
H 40 500 180 23.8 ± 1.9 28.5 ± 1.7 
I 60 500 180 24.5 ± 1.9 29.4 ± 1.5 
J 80 500 180 23.2 ± 1.5 30.0 ± 1.2 

 

 Adhesion test 

The adhesion tests were evaluated in a similar way as already described in section 5.1.3. 

The representative pictures of sample surface after the scratch test for the experiments H to J 

are presented in Figure 41 A strong spallation and detachment of the coating is seen in the 

experiment H, whilst only one small spallation was seen in the experiments I and J. For all 

cases, the spallation occurred between the chromium interlayer and the a-C layer, what suggests 

that the failure is correlated to the interfacial structure between them.  
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Figure 41 – Representative pictures of sample surface after Scratch test for experiments H, I and J. 

 

Not only the failure mode was evaluated but also the critical load (Lc2), as presented in 

Figure 42. The remarkable failure observed in experiment H is accompanied by a low Lc2, of 

57 N. Experiment I achieved a Lc2 of 66 N and the value of 76 N was achieved with experiment 

J. The results of Lc2 presented a linear increase with the cathode current. This result suggests 

that a higher cathode current leads to an improved interface structure.  Considering the findings 

from the preliminary interface analysis, it can be expected that an optimized interface structure 

would have a well-developed mixing layer and a thin carbon transition layer. As discussed 

before, the formation of the mixing layer can be correlated directly to the energy of a single 

carbon ion and the quantity of carbon ions. A higher total energy input at the surface leads to a 

higher mixing layer thickness (RATAYSKI et al., 2011). In fact, a higher cathode current 

produces a higher quantity of carbon ions (ANDERS, 2002). Therefore, a higher cathode 

current can impact positively the formation of the mixing layer, improving coating adhesion as 

seen with experiment J. On the other hand, a low cathode current can jeopardize the formation 

of the mixing layer, since a lower quantity of ions is produced. The poor formation of the mixing 

layer explains the lower Lc2 result for the experiment H.  

 I 

J 

H 
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Figure 42 – Critical load (Lc2) for experiments H, I and J. 

 

5.2.3. Effect of temperature 

 Coating Properties 

For this last set of experiments, the a-C coating properties were also evaluated to confirm 

that the only factor impacting the adhesion is the interface structure. The thickness and hardness 

for experiments K and L are presented in Table 6. The thicknesses achieved were 22.6 µm and 

23.9 µm for experiments K and L, respectively. The difference can be considered as negligible 

since the standard deviation is from 0.9 to 1.8 µm. The explanation for this difference was 

already described before and no impact in the adhesion results is expected. Regarding hardness, 

experiment K and L achieved values of 28.5 and 30.5 GPa, respectively. Also, for this feature, 

the difference is not significant due to the standard deviation of 1.6 and 2.2 GPa.  

Table 6 – Thickness and hardness for the experiments K and L. 

Experiment Temperature 
(ºC) 

BIAS voltage  
(V) 

Duration  
(s) 

a-C Thickness 
(µm) 

a-C 
Hardness 

(GPa) 
K 80 – 100 1000 180 22.6 ± 0.9 28.5 ± 1.6 
L 60 – 80 1000 180 23.9 ± 1.8 30.5 ± 2.2 
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 Adhesion test 

The representative pictures of sample surface after the scratch test for experiments K and L are 

presented in Figure 43. The experiment K presented a failure characterized by spallation and 

an intense coating detachment that exceeds the lateral limits of the zone with the stylus direct 

action. The experiment L, in turn, presented only small coating detaching within the stylus track 

and no larger detachment up to 100 N load.  

 

Figure 43 - Representative pictures of sample surface after Scratch test for experiments K and L. 

The difference in failure mode is also accompanied by a change in adhesion level, 

quantified by the Lc2 and presented in Figure 44. Experiment K registered a Lc2 of 72 N, whilst 

experiment L achieved a value of 82 N. The increase of 10 N can be accounted for the decrease 

in temperature level during the carbon bombardment step. The improvement in the Lc2 and the 

small failure observed for the experiment L suggests that the interface structure became less 

prone to detachment. The interface improvement is related to the mixing layer and/or the carbon 

transition layer. According to the literature, the temperature difference can impact the carbide 

composition in the mixing layer. As reported by Zavaleyev et al. (2013), a lower substrate 

temperature (67 ºC to 81 °C) during the carbon bombardment phase lead to the formation of 

the chromium carbide Cr7C3, while in higher temperatures the chromium carbide was composed 

of Cr23C6, measured by XRD. The sample produced with lower substrate temperature also 

presented an increase in adhesion seen in the scratch test. In addition, the carbon transition layer 

that is grown during the bombardment step can be highly impacted by this temperature 

difference, since the temperature impacts directly the sp3 content, as stated by Lifshitz (1993 

and 1994) and Chhowalla et al. (1997). It is expected that the lower the temperature, the higher 

the sp3 content. Therefore, the results obtained in this set of experiments suggests that the 

increase in adhesion is related to change in the carbides formed in the mixing layer and the 

increase in the sp3 content of the carbon transition layer formed just above the mixing layer. 

L 

K 
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The adhesion failure is possibly delayed by the carbon transition layer with more shear strength 

given by the sp3 bonds. The experiment L was selected to be evaluated by TEM. 

 

Figure 44 – Critical load (Lc2) for experiments K and L. 

 

5.2.4. Interface analysis of selected experiments 

The experiments J and L were selected to be analyzed by STEM, to check the interface 

structure formed in each of them. Experiment J was selected due to the combination of a lower 

level of bias voltage (500 V) and higher level of cathode current (80 A). The Lc2 achieved was 

76 N, the highest value in the set of experiments that evaluated the impact of cathode current. 

Experiment L, in turn, was selected due to its lower temperature used. The Lc2 achieved was 82 

N, the highest value of all experiments analyzed in the second phase of this work. The 

parameters used for the carbon bombardment phase for experiments J and L are completely 

described in the Table 7.  

Table 7 – Parameters used in the carbon bombardment phase for the experiments J and L. Both 
experiments were selected to be analyzed by TEM.  

Experiment Bias voltage  
(V) 

Duration 
(s) 

Cathode 
Current (A) 

Temperature 
(ºC) 

Lc2 
(N) 

J 500 180 80 80 – 100 76 
L 1000 180 60 60 – 80 82 

 

Bright-field images of the interface structure for both experiments are presented in Figure 

45. The images at the top have lower magnification, while the images at the bottom have higher 
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magnification. It can be seen a similar structure, as obtained in the preliminary analysis: A 

chromium interlayer at the bottom, as a dark layer; the mixing layer as a very thin dark grey 

layer; the carbon transition layer as a bright layer that lies over the mixing layer; and finally, 

the functional a-C is set over the carbon transition layer. The analysis of each layer will be 

focused on the thickness, morphology and chemical composition, which is given by the contrast 

in the bright-field image. The full thickness of the chromium interlayer cannot be seen in the 

STEM images, but have the same thickness of approximately 1 µm, when analyzed with SEM. 

No difference in composition is expected since the images show a similar color and contrast. 

Regarding the mixing layer, no differences are seen when the two experiments are compared. 

However, the low thickness of this layer results in difficulties for the comparison. The change 

in the bias voltage should produce differences on the thickness of this layer, which was not 

revealed in the pictures taken by STEM, due to its limited resolution. The recommendation to 

check this difference is to evaluate the thickness of the mixing layer by a chemical composition 

profile taken by EELS or an image taken by a High Resolution TEM (HRTEM) as performed 

by Ratayski et al. (2011).  

The main difference observed when comparing both samples is in the carbon transition 

layer. The thickness is similar, as expected, since the duration of the carbon bombardment step 

was the same (180 s). Nevertheless, the morphology and composition have shown major 

differences. The carbon transition layer obtained with experiment J is not homogeneous as 

already seen in the preliminary analysis and in experiment L. Possibly, the combination of a 

lower bias voltage and higher cathode current are responsible for the occurrence of a non-

homogeneous layer. The second important difference is related to the brightness difference of 

the carbon transition layer between experiments J and L. In experiment L, the layer is similar 

to that observed in the preliminary analysis, where the carbon transition layer was brighter than 

the functional a-C layer, as an indication of more sp2 bonds. On the other hand, the brightness 

observed for the carbon transition layer in the experiment J is lower than that in experiment L 

and much closer to the brightness observed for the functional a-C layer. Therefore, it can be 

assumed that the carbon transition layer in experiment J is richer in sp3 bonds, confirming the 

suggestion that a lower bias voltage produced a layer with more sp3 bonds (CHHOWALLA et 

al., 1997; FALLON et al., 1993; MCKENZIE et al., 1991; VEERASAMY et al., 1993; XU et 

al., 1996).  
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Comparing the adhesion performance of both experiments, it can be said that the 

reduction in temperature was more effective than the change in the bias voltage and cathode 

current. However, no clear indication of the reason for this improvement was seen in the 

interface structure of experiment L. Instead, it was observed a carbon transition layer with 

higher sp3 in the experiment J (still lower than the sp3 observed for the functional layer), which 

would lead to a higher adhesion. Therefore, it can be suggested that another element of the 

interface structure was modified. As highlighted before, the mixing layer could not be fully 

characterized since it is very thin. In this way, the most probable improvement for the 

experiment L occurred in the mixing layer and may be related to the carbide composition 

formed due to the lower temperature. The change in the carbide formation due to temperature 

was reported by Zavaleyev et al. (2013) after evaluating the samples by XRD. The formation 

of the carbide Cr7C3 was seen for low substrate temperature (67 and 81 °C) and, for higher 

temperatures, the carbide formed was mainly C23C6. 

 

Figure 45 – STEM – Bright-Field images of the chromium/DLC interface for experiments J and L. The images at 
the top have lower amplification and the images at the bottom have higher amplification. 
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5.2.5. Model of impact of carbon transition layer thickness on adhesion 

Based on the STEM images it was possible to measure the carbon transition layer 

thickness and correlate with the achieved Lc2. Figure 46 shows the critical load as a function of 

the carbon transition layer thickness. The points are the measured values for experiments A, B, 

C, J and L. The solid line indicates the trend based on the available data, whilst the dashed line 

indicates uncertainty due to lack of data for thicknesses below 25 nm. In the absence of carbon 

transition layer (thickness: 0 nm) the adhesion level is very low due to a sharp transition 

between the soft chromium intermediate layer and the very hard DLC. When a thin carbon 

transition layer is applied, a sharp increase in the Lc2 is achieved. The increase in Lc2 can be 

explained by the carbon transition layer acting as a buffer layer that decreases the strain and the 

interfacial stress. Although, for thicker carbon transition layer, the adhesion has a small 

decrease. This effect can be attributed to an early failure of the thicker carbon transition layer, 

induced by its lower shear resistance.  

In the model described and shown in Figure 46, an estimate of the decrease in Lc2 with 

the increase in carbon transition layer thickness is represented by a grey area. Based on the 

experiments and discussions, it is expected that the slope of this decrease is dependent on sp3 

content of the carbon transition layer and on the formation of the mixed layer. When the sp3 

content is higher or the mixed layer is broader, the decrease in Lc2 will be lower. In the case of 

a lower sp3 content or a thinner mixed layer, the decrease will be higher. 

 

Figure 46 – Critical load (Lc2) in function of carbon transition layer thickness. The solid line indicates the 
trend based on the available data, whilst the dashed line indicates uncertainty due to lack of data for thicknesses 

below 25 nm.  
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6. CONCLUSIONS 

Thick amorphous carbon coatings were produced by cathodic arc evaporation, including 

a stage of carbon bombardment after the deposition of the chromium interlayer and before the 

deposition of its functional coating. Thicknesses of 22 to 24 µm and hardness of 29 to 31 GPa 

were achieved. No impact of the carbon bombardment step in the mechanical properties 

(hardness and Young’s modulus) nor in the thickness was observed. The lower hardness of the 

coating, in comparison with the literature for a-C, can be explained by the relatively low ion 

energy used for the deposition. Also, it was found a residual stress near 0.7 GPa, which is 

considered low for a-C coatings. It is suggested that the 2-fold table rotation induces a pulsed-

like deposition, which produces a coating relaxation during a-C growth. 

During the preliminary phase, interface analysis by TEM and compositional analysis by 

EELS were able to characterize the structure formed due to the carbon bombardment stage. A 

thin (3 – 6 nm) mixed layer of chromium and carbon was observed over the chromium 

interlayer. Additionally, it was noticed that an extended duration of the carbon bombardment 

step is able to form a carbon transition layer with low density and low sp3 content over the 

mixed layer, and that longer durations can also increase the thickness of this low-density layer. 

Depending on the duration of the step, thicknesses of 33 and 98 nm were obtained for the carbon 

transition layer. Therefore, it was shown that the carbon bombardment step, and the 

corresponding interface structure, has strong impact on the adhesion, as measured by scratch 

tests. Critical loads higher than 75 N were achieved during experiments where the carbon 

bombardment was employed. In comparison, the experiment without this stage resulted in a 

critical load of only 7 N. Moreover, the adhesion failure observed in all cases occurs between 

the intermediate layer of chromium and the a-C. Another important finding is the adhesion 

increase observed when the thickness of the carbon transition layer was reduced by the decrease 

of the duration of the carbon bombardment step. This effect was attributed to an early failure 

of the thicker carbon transition layer, induced by its lower shear resistance.  

In a second phase, different sets of experiments were designed to enhance the adhesion 

by varying the parameters of the carbon bombardment stage. It was found that not only the 

thickness of the carbon transition layer is important for the adhesion but also the sp3 content. 

For instance, a lower bias voltage possibly increased the sp3 content of the carbon transition 

layer mitigating the negative impact of a thicker carbon transition layer. Moreover, an increase 

in the carbon cathode current could increase the adhesion possibly by extending the mixing 
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layer. Finally, the best adhesion result was achieved when the temperature of the bombardment 

was reduced. The most probable cause for this improvement is a compositional modification in 

the mixing layer, like a change in the carbides formed in that region. 

Overall, the adhesion of thick and hard a-C coatings was enhanced as proposed in the 

beginning of the work. Several experiments and analysis indicated that the carbon 

bombardment phase is essential to achieve adhesion for this type of coating due to the formation 

of a structured interface (mixing layer and carbon transition layer). The final proposal regarding 

carbon bombardment parameters to achieve the highest adhesion is: 

- Bias voltage: from 500 V to 1000 V to provide enough ion energy to produce a well-

formed mixing layer.   

- Duration: 180 s in our machine setup. It must be enough to reach the mixing layer 

saturation point, where the carbon transition layer starts to be formed, but not too long 

to avoid the increase in thickness of the carbon transition layer. 

- Carbon cathode current: 80 A in our machine setup. Higher values helped the 

formation of an extended mixing layer.  

- Temperature: between 60 °C to 80 °C, to avoid the formation of sp2 bonds in excess 

in the carbon transition layer and to help the formation of carbides with stronger bonds 

within the mixing layer. 
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7. FUTURE WORK 

- Cr x C co-deposition: it was found that the mixed layer (Cr and C) is an important 

feature to achieve higher adhesion. A mixed layer was observed in the current work 

due to the use of the carbon bombardment over the chromium interlayer. One future 

point to be investigated is if the mixed layer can be further increased by the use of a 

co-deposition between C and Cr, where all the targets would be turned on at the same 

time to produce a intermediate layer between the Cr layer and the functional DLC. 

- Use of software TRIM to simulate the subplantation of carbon over chromium: 

In the work, the bias voltage for the carbon bombardment was chosen based on 

literature and the mixed layer thickness was not measured for all deposition 

conditions, including some with TEM analysis, due to TEM resolution limitation. It 

is possible, for future work, to use the TRIM software to anticipate the mixed layer 

thickness based on the bias voltage.  

- Use of HRTEM for interface investigations: As already discussed, the mixed layer 

thickness was not fully measured due to TEM resolution limitation. In future work, it 

is recommended to perform the interface analysis with the use of a HRTEM, which 

have higher resolution and would be useful to measure the actual mixed layer 

thickness. 

- Deep investigations on low residual stresses obtained: The residual stresses below 

1 GPa for thick and hard DLC was found to be low. In the literature, this effect is 

achieved by pulse biasing. In this work, the most probable cause for low stress is the 

table movement (2-fold rotation). In order to confirm this hypothesis it is suggested 

to produce a sample without the table movement (sample positioned directly in front 

of the carbon target) to evaluate if the stress is high. Another important point to be 

considered in this investigation is how important is the role of macroparticles on the 

stress reduction. 

- Stress measurement robustness: It is recommended to increase the sample size 

for measurement of the stress, mostly to calculate the confidence interval of the 

obtained average. Also, it is possible to conduct a comparison with the stress data 

obtained with another method, such as Raman spectroscopy. 
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