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Abstract 

Residual stresses in the PVD-coatings usually deteriorate the adhesion of coatings and adversely 

affect the performance of coated components. Nonetheless, it might have some positive effects such 

as resistance to crack nucleation and propagation, as well as wear and fatigue failures. A proper 

control of residual stress always remains essential for successful coating development. Multilayer 

systems with alternate hard (ceramic) and soft (metallic) layers compared with a monolayer, usually 

offer a much more ease to control the residual stresses, improve adhesion, increase overall thickness 

and produce the toughening response. However, in order to control the residual stresses, it is always 

important to find the optimal thickness of individual layers. An increase in metallic layer thickness 

significantly relieves the residual stress in ceramic layer. However, the performance of multilayer 

systems could be affected. Alternatively, an increase in thickness of ceramic layer close to the 

substrate could mostly increase the residual stress level. Hence the thickness of individual layers 

remains a key factor for the optimal performance of multilayer coating systems. 

In the present work, finite element analysis (FEA) of residual stress coupled with ANSYS 

optimization algorithm was used to develop stress-optimized Ti-TiN multilayer coatings. Thickness 

of individual layer was optimized for the coating configuration comprising of six-layer while taking 

into account the thermal as well as thickness dependent intrinsic residual stresses.  

Multilayer coatings corresponding to those of FEM stress-optimization were experimentally 

produced in comparison with bilayer using magnetron sputtering physical vapour deposition 

system. The nanoindentation hardness and elastic modulus of multilayer coatings in comparison 

with bilayer was investigated for the assessment of deterioration in stiffness taken place by the 

incorporation of Ti (titanium) interlayers. Further, investigations of the stress-optimized multilayer 

configurations were performed for the influence on in-plane residual stress and practical scratch-

adhesion. Analytical description of the failure mode under scratch adhesion testing was 

demonstrated for an accurate measurement of practical adhesion of coatings to the stainless steel 
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substrate. Finally, the scratch adhesion, nanoindentation and experimental in-plane residual stresses 

results clearly demonstrated the significance of preliminary stress-optimization measures for the 

development of Ti-TiN multilayer wear-resistance coating systems.  

The dissertation consists of six chapters. Chapter 1 is about the introduction in which Gap of 

knowledge, significance of the investigation and objective, approach and scope of investigation is 

described. Chapter 2 presents a literature review on the evolution of residual stress in magnetron 

sputtering PVD-coating and their influence on failures in coating. The multilayer approach to 

control the residual stress and procedure adopted so far for the stress-optimization of multilayer 

coating architecture. Chapter 3 is about the basic details about the modelling activities used in the 

present studies to design stress-optimized multilayer coating configuration and in Chapter 4, 

experimental and characterization techniques are described in details.  

Chapter 5 summarizes the modelling and experimental results in three sections. In the first section 

results of finite element based design of stress-optimized Ti-TiN multilayer coating is summarized. 

In the second section, influence of Ti-TiN multilayer coating design on the mechanical properties 

and practical scratch adhesion are described in detail. The third section is about the influence of 

coating design on the in-plane residual stress. Finally, the thesis is summarized in Chapter 6 with 

the contributions and the remaining interesting tasks.    
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Chapter 1 INTRODUCTION 

1.1 Significance of the Investigation 

Thin film technology is growing field as the number of its application is increasing day by day with 

the advancement and miniaturization. In industrial applications, the effective way of protecting and 

increasing the life-time of engineering components operating in corrosive, erosive, high temperature 

and under heavy contact load is to apply thin hard coating layer. Hard coatings are a class of 

coatings that have been developed as a surface engineering enhancement solution for cutting tools, 

dies, drills, moulds and other tribological applications. Today, almost every tool or tribological 

component is coated which decrease the production cost and perform well. All of these applications 

are based on the fact that coatings are hard, abrasive resistant, provide low friction surfaces and 

well-adhered to the material to be protected.    

During the past few years, scientific research has been focused on multilayer coatings, which may 

be very effective for increasing overall coating thickness, improving hardness, adhesion, fracture 

toughness and controlling the residual stresses. To effectively design a multilayer system for a 

specific application, it is important to know the mechanical, tribological and structure properties of 

the coating materials. Hardness of material to be coated, number of coating layers, individual layer 

thickness and coating production parameters are additional design variables. Of course, the required 

properties are changed with the change of these properties and variables. If not all, a few basic 

properties of the coated system such as hardness, residual stress and adhesion have primary 

importance; which are also relevant and common to a wide range of applications. Among them, 

residual stress state could significantly alter the overall performance, life-time and is essential to 

control so that coated system could withstand the additional in-service loading stresses without 

failure.  

In view of this, the objective of this PhD thesis was to develop NOVEL DESIGN RULES for the 

modelling  and production of multi-layered coated systems with improved adhesion and optimal   
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surface hardness and wear resistance.  

 1.2 Gap of Knowledge 
Hard-coatings failures on relatively compliant substrate in many tribological situations are caused 

by delamination of coating from the substrate (adhesive failure) and fracture in coating, i.e. 

cohesive failure [1, 2]. The failures are sometimes related with relatively high compressive residual 

stress and stress gradient through coating thickness. An increase in thickness of metallic layer could 

provide a reduction of in-plane stress but could significantly decrease the performance of the 

multilayer coating system [3]. Alternatively, multilayer configuration having equal thickness of 

ceramic layers could have different amount of residual stress. In case of comparatively thick 

titanium nitride  (TiN) ceramic layer near to the substrate results in a large in-plane residual stress 

(dense columnar growth at the start is present), which usually causes the system’s failure due to 

crack propagation [4]. Therefore, a specific thickness of Ti interlayer is required for a particular 

TiN coating thickness. The optimum coating layer thickness could further enhance the performance 

of multilayer in terms of adhesion and toughness. Nonetheless, most of the studies focused on the 

development and characterization of multilayer coatings and only a few on the multilayer coating 

architecture design [5]. As a result, further development seems imperative in the design of stress-

optimized multilayer physical vapour deposition (PVD) coatings. 

The starting point for the present work was the previous work by Bemporad et.al. [5] in which they 

investigated the effect of a titanium buffer layer position on the decrease of interfacial stress that 

improved the adhesion of TiN based systems by Finite Element Modelling (FEM) and micro-

mechanical testing. A four-layer Ti-TiN multilayer coating was numerically analyzed and 

experimentally tested. In their work, only three Ti-TiN multilayer (four layers) configurations were 

simulated. They demonstrated that having a lower position of the Ti buffer layer improved the 

adhesion of coating to the substrate. However, a fully automated procedure to find the optimal 

position of the Ti buffer layer still has to be developed. In addition, the analysis and optimization of 

systems with the inter-position of the two (or more) Ti layers has not been investigated, yet. In the 
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present work, finite element Modelling of residual stress analysis coupled with the ANSYS 

optimization algorithm was used to design and develop a stress-optimized Ti-TiN multilayer 

configuration comprising of 6-layers.     

1.3 Objective, Approach and Scope of Investigation 

The objective of this thesis is the finite element Modelling based design of Ti-TiN multilayer 

coating system to find optimal thickness of each layer that decrease interfacial stresses responsible 

for delamination failure in coating. As interface delamination is one of the major failure modes of 

hard coatings on stiff and compliant substrate.  

Such an approach could be used to develop stress-optimized multilayer coatings with minimal 

experimental work and help save resources during trial and error efforts. The developed 

optimization procedure can be used to design interfacial stress-optimized multilayer coating 

comprising of many layers to meet a variety of functional requirements. Further, at multilayer 

coating production scale, such optimization tool could be more refined to be implemented for 

particular multilayer (metallic/ceramic) coated systems. In addition, the finite element Modelling 

based measures are important to consider the coating at the preliminary component design stage 

instead of using as finishing operation. In general, the main aim of this work was to develop 

knowledge-based design tool for the multilayer coating architecture optimization considering 

microstructure-related functional properties of thin films such as residual stress, elastic modulus, 

hardness, toughness and wear resistance.  

1.4 Thesis Overview 

The thesis has been organized into six chapters. Chapter 2 presents a literature review on the 

evolution of residual stress in magnetron sputtering PVD-coating and their influence on failures in 

coating. The multilayer approach to control the residual stress and procedure adopted so far for the 

stress-optimization of multilayer coating architecture. Chapter 3 is about the details of the 
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Modelling activities used to design stress-optimized multilayer coating configuration and in Chapter 

4, experimental techniques used in the present thesis are described in details.  

Chapter 5 summarizes the modelling and experimental results in three sections. In the first section 

results of finite element based design of stress-optimized Ti-TiN multilayer coating is summarized. 

In the second section, influence of Ti-TiN multilayer coating design on the mechanical properties 

and practical scratch adhesion are described in detail. The third section is about the influence of 

coating design on the in-plane residual stress. Finally, the thesis is summarized in Chapter 6 with 

the contributions and the remaining interesting tasks.    
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Chapter 2 LITERATURE REVIEW 

2.1 Introduction  

Residual stress in PVD-coating is a function of film thickness, elastic modulus of coating material, 

morphology and film density. Sometimes, stress level could be equal to yield strength of the 

material for example in case of high elastic modulus materials such as tungsten, metal nitride and 

metal oxide. For low-modulus material such as gold, silver and titanium, yielding will relive the 

stresses before to develop high stress level [6]. In addition, similar to elastic modulus residual stress 

is also structure dependent property. Considering this structure behaviour of residual stress, 

microstructure and intrinsic stress evolution in thin films are first reviewed in this chapter. Then 

residual stress related failures in thin films are elaborated followed by multilayer coating practices 

to control the residual stress and related failures. Finally, the Modelling and optimization 

approaches to control the residual stresses in multilayer coatings are described.    

2.2 Microstructure Evolution in PVD-Coatings 

The microstructure of thin film could substantially influence the functional properties such as 

mechanical, optical and electrical. Microstructure to a larger extent is determined by the grain size, 

morphology and grain boundary morphology. The important characteristic of coating production 

through deposition is the microstructure modification for the enhancement in mechanical properties 

in comparison with bulk counterpart material [7]. For example, Ti thin films has elastic modulus 

equivalent to the bulk Ti but has enhanced plastic properties. The nature of high plastic behaviour 

was found to be dependent upon film thickness. As with the thickness in sub-micron range, the 

typical finer grain size present in metal film. Also, the evaluation technique used for the 

determination of plastic properties could caused large strain gradients which usually lead to 

geometrically necessary dislocations for the enhanced plastic properties [8]. Therefore, 
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understanding the process behind the microstructure evolution is imperative, especially for the 

development of coatings used in mechanical applications.  

The evolution of thin film microstructure during growth is highly dependent on the deposition 

conditions. This has lead to the development of the structure zone model (SZM) for the provision of 

an overview of the relationship between microstructure of coatings and common deposition 

parameters. The first such model was presented by Movchan and Demchisin [9] through which  

influence of deposition temperature on the microstructure was assessed as a function of homologous 

temperature or deposition temperature normalized to the melting temperature of the deposited 

material (Tdep  /Tmelt). This model was ten year work of Movchan-Demchishin in which thick and 

thin coatings of Ti, Ni, W, ZrO2, Al2O3 were deposited with electron beam evapouration on 

substrate over which temperature gradients were maintained. According to this model, coatings are 

characterized with zone 1, zone 2 and zone 3 (Fig. 2.1a).  

(a) 

 

(b) 

 

Fig.  2.1  Structural zone model for growth in metal films: (a) Model of Movchan-Demchishin [9]; 

(b) Model proposed by Thornton [10]. 

The zone 1 in the structure zone model (Fig. 2.1a) corresponds to low temperature at which ad-atom 

diffusion is small which results in grains with domed tops, high density of lattice imperfections and 
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porous (voided) grain boundaries; hence the term ‘porous columnar’ is used to describe this type of 

structure. At significantly higher deposition temperature ad-atom diffusion/mobility becomes 

significant and zone 2 structure evolves with large columnar grains and dense grain boundaries. At 

temperature close to melting temperature (Tdep  /Tmelt > 0.8), the film consists of large equiaxed 

grains comparable to film thickness due to both the surface and bulk diffusion of ad-atom (zone 3).  

However, the microstructure of metallic film deposited with sputtering depends on transfer of 

energy from energetic particle to the growing films. Considering this fact, Thornton [10] added an 

additional axis in the model to account for the sputtering gas pressure (Fig.2.1b).  

According to Thornton model, zone 1 structure is promoted with substrate roughness, low 

temperature and high argon pressure. At low temperature atoms have extremely low mobility on the 

surface; they tend to stick where these land on the substrate. It could persist even at higher 

temperatures due to substrate roughness and is promoted even on smooth substrate with high inert 

gas pressure. A fourth zone consisting of a dense array of poorly defined fibrous grains identified 

between zones 1 and zone 2 and is termed as zone T. The zone T is believed to be a transition zone. 

The zone T structure is formed by either thermally inducing greater ad-atom mobility or by ion 

bombardment. Momentum exchange then causes the coating atom to fill the boundaries of loosely 

packed zone 1 column.   

Further, Messier [11] have found that bias potential on the substrate induce ad-atom mobility which 

appears to be mostly affecting the physical structure rather than pressure induced bombardment by 

ad-atom mobility. Therefore, the pressure axis in Thornton’s model is replaced by floating bias 

potential of the substrate to account for the separate contribution of bombardment to ad-atom 

mobility. The purpose to apply the bias on substrate is also to increase the total energy arriving at 

the substrate, so Musil et al. [12] have suggested the replacement of bias voltage with an energy 

parameter, Ep. Later the energy parameter Ep has been replaced with universal parameter ion-to-

atom arrival ratio.   
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The latest and recently proposed universal structure zone diagram (SZD) is by Anders [13], who 

still considered it originally the three structure zone and a transition zone (Fig. 2.2). There, film 

growth is classified according to thermal activation, T*, which includes homologous temperature 

plus temperature shift caused by the potential energy of particles arriving at the film surface and 

kinetic activation E*, describing displacement and heating effects caused by kinetic energy of 

bombarding particles. A third axis considers the net film thickness t*, which provides to maintain 

the qualitative illustration of film structure while indicating thickness reduction by densification and 

sputtering. The diagram also includes a “negative thickness” due to the effect of ion etching at 

excessive ion energies and intensities.     

 

Fig.  2.2  Structure zone diagram applicable to energetic deposition 

2.3 Residual Stress Evolution in PVD-Coatings 

The general state of stress depends on deposition conditions as well as on structure, morphology 

and thickness of coatings. The stress evolution in hard transition metal nitrite coating is important to 

understand the origin of intrinsic stress and to control the stress level in order to avoid residual 



9 
 

stress related failures. It could help to engineer the coating system with required level of residual 

stress.   

In general, coating with zone T (transition region) could result in high intrinsic stress due to dense 

fiber structure with smooth and highly reflective surface. The zone1 structure is too porous to 

support intrinsic stress. Recovery and recrystallization limits the intrinsic stress in zone 2 and 3. 

Daniel et.al [14] and all the references therein, analyzed the origin of intrinsic stress in magnetron-

sputtered thin films with zone T-structures. The evolution of the average stress with the film 

thickening is schematically shown in Fig 2.3. At the early film growth (region-I), compressive 

stress is caused by the isolated crystallite islands prior to coalescence. The development of 

compressive stress only proceeds until the island establishes large area across the growth surface. 

The interaction forces acting across voids between adjacent islands to force them to come in contact 

and interact within the elastic distortion from the original position. This interaction generally results 

in energy gain originating from the decrease in surface area through formation of grain boundary 

out of the free surfaces of two adjacent islands. Formation of a continuous layer by closing all the 

gaps between adjacent islands is then accompanied by a film volume decrease that induces 

development of tensile stress (region-II). It is named as shrinkage stress (σsh) originating from 

volume shrinkage accompanied with grain growth (Fig. 2.3b). The maximum tensile stress indicates 

the end of coalescence process, although its magnitude depends on the grain boundary motion and 

the number of voids annihilated between the grains during coalescence. Surface ad-atom mobility 

also contributes to the stress development and it determines whether the tensile stress decrease in 

the magnitude or become compressive with increasing film thickness. That is, only under high 

mobility diffusion condition in which excess sputtered adatom to the grain boundaries occurs that 

give rise to compressive stress (region-III). This is named as ion-peening stress (σip) component 

(Fig. 2.3b).  The mechanism for the incorporation of surface adatom into grain boundaries  decrease 

their free energy that is more likely at higher substrate temperature or under ion irradiation. 

However, grain boundaries are microstructure and thickness dependent. From this, continuous 
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increase in grain size is observed as the layer thickens under continuous flux of sputtered material. 

The grain growth proceeds with the annihilation of grain boundaries which subsequently leads to a 

decrease in the total area of grain boundary surface and thus to decrease of the number of ad-atom 

incorporated there. In addition, diffusion flux towards grain boundary area is suppressed with the 

existing compressive stress which increases chemical potential of atoms in the grain boundaries. 

Both of these effects contribute to decrease the compressive stress component (region-IV). It is 

stress component (σdiff) due to ad-atom diffusion to the grain boundaries (Fig. 2.3b). The evolution 

of low-density atomic structure along grain boundaries evolves during grain growth into a dense 

well-organized grain structure; the subsequent volume shrinkage is accompanied by the 

development of tensile stress (region-V). 

 

Fig.  2.3 Schematic diagram for the development of residual stress in zone-T structure: (a) Average 

stress in zone-T layers having various structures (full circle: single CrN layer with V-shaped 

morphology; full square: CrN top layer with equi-axed columnar structure); (b) The growth stress 

component [σsh, σdiff and σip originating from volume shrinkage during grain growth, ad-atom 

diffusion to grain boundaries and ion-peening under conditions of high kinetic energy, 

respectively]. Source [14]    

The intrinsic stress is changed dramatically with film thickening and it is due to microstructure  
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evolution through sequence of growth stages; including nucleation, island growth, coalescence of 

islands formation of continuous structure and subsequent film growth. Every growth stage is 

essentially characteristic of unique film forming processes that give rise to generation of growth 

(intrinsic) stress which differs in magnitude and can be either tensile or compressive.  

2.4 Residual Stress Related Failures in Coatings 

Residual stresses are commonly present in coatings irrespective of deposition techniques. Overall 

performance of coatings is closely related to the process induced residual stress. For instance, 

compressive stress is often desirable as many coating materials (brittle) are stronger in compression 

than tension. It also increases the hardness of coating but excessive stress can decrease the adhesion 

of coating to the substrate. Hard coating failures on relatively compliant substrate are caused by 

delamination of coating from the substrate (adhesive failure) and fracture in coating, i.e cohesive 

failure [1]. The failures are primarily related with relatively high compressive residual stress and 

stress gradient in the coatings.  

In principle, the interior of ceramic films have equi-biaxial in-plane compressive residual stress 

which could cause delamination at edges which is schematically shown in Fig. 2.4a.  

 

(a) (b)

(c) (d)
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Fig. 2.4 Schematic of residual stress related failure mode in coatings: (a) Edge delamination (high 

in-plane stress and weak interface), (b) Delamination under high tensile stress with weak interface, 

(c) Buckling under in-plane stress, and (d) Bridge cracking, i.e. coating under tensile stress having 

strong interface, Source: [15] 

The residual stress level is characteristic of a specific material combination (coating and substrate) 

and manufacturing process. Fig. 2.4 shows failure mode in coating under different state of stress. It 

is seen that in-plane tensile stress in coating cause delamination and fracture within coating (Fig. 

2.4b and Fig. 2.4d). 

In general, three possible failure mechanisms in coating under tensile residual stress can occur [16]. 

For example, a brittle coatings fracture by development of cracks through coating thickness (Fig. 

2.4d). Tougher coating may fail by delamination along the interface (Fig. 2.4b) or by propagation of 

crack in the substrate. However, residual compressive stresses could cause edge delamination, 

buckling and prompt crack initiation and propagation within the coating. It is seen that failure 

modes are also affected by the relative strength of coating-substrate interface.  

In addition, it is well-established that ceramic coated circular disk-shaped metal components mainly 

fail by the magnitude of axial stress at or near the radial free edge of the specimen. The associated 

failure of de-cohesion at metal-ceramic interface resulted in progressive delamination and spallation 

of coatings. Analytical and finite element models as well as experimental studies showed the 

influence of these stress components on coating failures. Also, when coating is applied on 

engineering components with geometrical features like edges, corners, notches and relatively rough 

surfaces generate interfacial stresses. It is also named as lift-off stress. The lift-off stress magnitude 

is further increased with tribological service loadings. The stress level could exceed up to 50 % of 

residual stress [17]. Fig. 2.5 schematically shows some of stress concentrations arise with 

unfavourable geometry and high in-plane stress whilst Fig. 2.6 shows actual (real-time) failure 

mode examples. 
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Fig.  2.5  High in-plane stress in combination with unfavourable geometry: (a) Coating on smooth 

90° substrate edge, (b) A periodically rough substrate surface, (c) High in-plane stress in attached 

configuration, and (d) Stress re-distribution as a result of delamination.      

 

Fig.  2.6 High in-plane stress in combination with unfavorable geometry: (a) A partially detached 

TiAlN coating at edge of cutting tool [18], (b) Cross-section indicating the initiation of fracture at 

(a) (b)

(c) (b)

(a) (b)

(c) (d)
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small convex curvatures, i.e. substrate roughness effect, (c) Delaminated layer of ZnO on Si [19]. 

(d) The PVD TiB2 with ≈ 10 GPa compressive stress on austenitic stainless steel [17].        

In all the cases mentioned above, the residual stress deviates from perfect bi-axial stress state. As a 

result interfacial normal and shear stresses are generated which are exaggerated with 2-D plane 

stress element in Fig. 2.5a. Under this stress orientation, maximum principal stress is suspected to 

cause the initiation of cohesive fracture (Fig. 2.6a). However, the interface has lower strength 

generally than either of coating or the substrate. To avoid possible coating delamination, therefore 

interfacial (across interface and shear stress along the interface) residual stress analyses are usually 

performed under such situations.   

2.5  Multilayer Coatings 

Multilayer coating is a class of hard layer material in which individual layers of different materials 

are produced. Individual layer thickness can vary from micro-scale to nano-scale as long as 

individual layer maintain its properties. The materials properties vary differently; in order to have a 

coating-substrate system for a specific application, only a few material combinations could results 

in required level of performance. The important material parameters to be considered in achieving 

better performance are elastic modulus, coefficient of thermal expansion, morphology of coating 

and chemical compatibility of the coating and substrate [20, 21].     

The mechanical and tribological behaviour of brittle coatings on compliant substrate materials is 

usually very much influenced by the in-service loading conditions and residuals stresses. To meet 

the specific functional requirements for various uses, multilayers in comparison with bi-layer, offer 

much more ease: to control residual stresses, improve adhesion, increase overall thickness, improve 

abrasive wear, producing the toughening response and adopted for multi-functional use. This has 

lead to increasing use of multilayer coatings. Multilayer coatings not only offer a combination of 

properties from different materials but also increase the overall performance of systems.  
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To show a real-time example of multilayer coating system, a commercially available multilayer 

coating system developed by Aesculap® for the artificial knees implant (Fig. 2.7) [22]. The coating 

system comprised of seven layers in which external layer of ZrN has exceptional hardness and CrN 

layer provide the hardness gradient through coating thickness and prevent allergy. The coating 

system has excellent performance in terms of adhesion, wear and materials fatigue. In view of 

structure-property relation, multilayer system in comparison with bilayer has refined grains that 

increase the performance of the coating system; however bilayer has coarse grains of open 

columnar structure close to surface.  

 
Fig.  2.7 Multilayer coating system in comparison with bilayer used for artificial knees: (a) 

Enlarged image at a point on artificial knees, (b) Cross-sectional view showing individual layer 

thickness, (c) Monolayer system grain morphology, (d) Multilayer structure showing hardness 

gradient.   

It is clear from the above-mentioned literature that even though multilayer coatings offer promising 

solutions for wear resistance applications, the demand of different applications can be met by 

(a) (b)

(c) (d)
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adjusting relative thickness of different layers.  For instance, Ma et al. [23] emphasized the need for 

the optimization of Ti-layer thickness for greater coating adhesion in Ti-TiN multilayer coatings.   

2.6   Finite Element Modelling of Residual Stress in Coatings 

Coatings systems enhance the performance and increase the lifetime for a wide variety of 

engineering components. Engineering design approach is commonly used for the design of 

component before manufacturing for specific functional use. However, coating of component is 

simply performed as a finishing operation. To obtain a full benefit of multilayer coating it could be 

considered at the component design stage. For this analytical and FEM optimization measures are 

therefore required. General design rules need to be found for performance optimization.  

Modelling of materials behaviour is common practice in graded materials fabricated at relatively 

high temperature depending upon their composition to produce composite structure for better 

properties [24, 25]. Although, the continuum approach is at much larger scale in comparison with 

micro-structural features but the materials simulated behaviour could be very useful for further 

refinement and improvement.  

Finite element analyses of thermal stresses in Ti-TiN bi-layer verified via analytical calculation is 

extensively researched. The results suggest that inter-layer decrease the interfacial stresses that 

improve coating substrate adhesion [26, 27].  

2.7 Optimization of Multilayer Coating Architecture 

Multilayer coating system with alternate hard and soft layers play a major role for the better 

performance in tribological and wear applications over mono-layer coatings. However, the role of 

overall thickness, number of layers and individual layer thickness cannot be overlooked and need 

to be optimized. To effectively design a coating architecture for a specific application and 

depending upon design constraint of the component, it is necessary to know the state of stress in 

coatings. For this, measures in terms of stress-optimization seem imperative.   
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Lakkaraju et al. [28] optimized chromium-chromium nitride (Cr-CrN) multilayer coating 

architecture comprising of eight layers on steel and aluminium substrate subjected to Hertzian 

contact. The overall coating thickness was fixed to 2 µm and the thickness of Cr and CrN were 

chosen as design variables. Multi-objective optimization was used to minimize the von-Mises stress 

in the topmost CrN layer and strain discontinuity in the coating thickness direction along the Cr-

substrate interface. The approach in the study provides an important and promising direction for the 

design of wear-resistant multilayers coating to minimize coating damage under given set of loading 

conditions. However, the choice of objective function to be minimized, von-Mises stress and strain 

discontinuity, may not be appropriate to address the damage in the coating. The brittle behaviour of 

thin CrN layer perhaps required a maximum principal stress type function. Also strain discontinuity 

seems to be vague parameter to quantify delamination of the coating. A stress-based approach better 

reflect damage at interfaces.  

To address the residual stress related failure in PVD-coatings, a mathematical model of stress 

analysis was proposed by Lyubimov et.al [29]. The model calculates residual stress as a function of 

coating layer thickness, deposition temperature, composition and substrate bias voltage. The model 

addresses the interfacial failure and suggests the use of compliant metal layer to decrease the stress. 

However, the model involved time-consuming mathematical calculations. 

In a study on various design of metal-ceramic (Ti-TiAlN) multilayers deposited onto substrate pre-

treated with different plasma-sputtered etching conditions [30]. The different multilayer designs 

were investigated for their influence on the level of residual stress and mechanical properties. It was 

found that multilayer with thick ceramic layer has lower compressive stress in ceramic layer. 

However, multilayer with decreasing ceramic layer thickness in graded fashion towards substrate 

has higher compressive stress.   

The above referred investigations help conclude that multilayer coating offers promising solution to 

control the residual stress and improve adhesion. In the present work, finite element Modelling of 

residual stress analysis coupled with the ANSYS optimization algorithm, as a robust measure was 
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use to design and develop Ti-TiN stress-optimized multilayer coating comprising of 6-layres. 

During the optimization, a realistic bi-axial thickness dependent intrinsic stress (ion peening stress) 

in each TiN layer was reproduced as an initial in-plane stress. The thickness dependent intrinsic 

stress for numerical calculations was adopted from the growth-stress model for columnar structures 

proposed by Daniel. et.al. [14].  
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Chapter 3 MODELLING ACTIVITIES 

In this chapter, details about the formulation of Finite Element Model (FEM) for the analyses and 

optimization of residual stresses in multilayer coatings are provided. The numerical optimization 

algorithm used and mesh refinement measures are elaborated. In addition to FEM Modelling, the 

use of analytical Modelling for the analytical description of failures (adhesive and cohesive) during 

the coating adhesion evaluation is described.    

3.1 Residual Stresses in Coatings 
A complete state of stress in the PVD-coatings is important for their mechanical performance. 

Intrinsic stresses in coating itself not leaving the substrate unstressed and could be added to the ones 

originating from other source such as external loading and temperature etc. Usually, the intrinsic 

stresses in coating are much smaller than their yield strength otherwise coating will not form at all. 

High compressive intrinsic stress could cause plastic deformation in the substrate, coating 

delamination from the substrate. The actual stress during the service is given by Eq. 3.1:  

 휎 = 	 휎 + 	휎  3.1 

Where σapp is the external force including the frictional heating during service. General 

classification of stress in coating is shown in Fig. 3.1.  
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Fig.  3.1 Classification of stresses in coatings 

Residual intrinsic stresses in the PVD-coatings mainly arise from contribution and interactions of 

two sources: the low thermal stresses and the high intrinsic stresses. Thermal stresses arise from 

thermal mismatch between the coating and the substrate: during final cooling from deposition to 

room temperature. It effects become exaggerated when multiple layers of materials have different 

thickness and big difference in stiffness [31]. A thermal mismatch-strain, εth , arises by change in 

temperature; result in residual stress given by the following Eq. 3.2 [32]:  

 
휎 =

퐸
1 − 휈 . 휀 	= 	

퐸
1 − 휈 . 훼 − 훼 . (푇 − 푇 ) 3.2 

Where Ef and 휈f are Young’s modulus and Poisson’s ratio of the film; (
	

) = bi-axial elastic 

modulus of the film; αf and αs are thermal expansion coefficients of the film and the substrate, 

respectively; 푇 { }; 	푇 { }	 are the room and deposition temperatures of the substrate, 

respectively. The quantity 휎  is the stress that will develop in the thin film. Here, only differential 

thermal stress is considered; however thermal expansion is structure dependent property which 

could vary with the layer thickness. 

Internal/ Residual stress External stress

Service loading

Thin coating stresses

Geometric constraints

Intrinsic/Growth stress Extrinsic/Thermal stress

Difference in thermal expansion of 
coatings  and substrate 

Recrystallization process

Grain growth 

Phase transformation

Variations of interatomic spacing with the crystal size

Microscopic voids and arrangement of dislocations
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The intrinsic stresses in PVD-coatings arise during deposition and its magnitude depends on 

deposition conditions, such as reference potential on the substrate, pressure of the working gas and 

the target to the substrate distance, as well as on stoichiometry and thickness of coating-layer [33-

35]. Usually, the resulting residual stress field is formed by a simple superposition of the two 

sources (Eq. 3.3):  

 휎 = 	 휎 + 	휎  3.3 

In addition, intrinsic stresses in the PVD-coatings are thickness-dependent although the stress 

gradient through coating thickness is common.  

3.2 Finite Element Analysis of the Residual Stress  
In general, analytical procedures have been developed to evaluate the average in-plane thermal 

stresses in bi-layer and multilayer coating-substrate systems based on linear-elastic calculations and 

uniform temperature [36, 37]. However, it is difficult to carry out stress analyses analytically for 

multi-layered coating systems and numerical methods, therefore, are followed. Also, for more 

detailed stress analyses, 2-D or 3-D numerical method such as FEM has been successfully 

developed. The FEM application could overcome the difficulties mostly associated with laborious 

solution of analytical equations and can be easily used to simulate stress distribution for the 

temperature gradient.  

Finite element models have been successfully used to investigate the influence of inter-layer on the 

thermal stress in coatings [27, 38]. The thermal stress is effectively decreased with combination of 

coating and substrate material properties, interlayer material, coating thickness and interlayer 

material thickness. Stress concentration with abrupt change in materials behaviour at coating-

substrate interface can cause propagation of cracks parallel to interface and therefore, could cause 

coating delamination.  

 Thus FEM can be considered as an efficient tool to simulate the residual stress problem in 

multilayer coating system because of its robustness and ease in solving problems with complex 

geometries including material nonlinearity as well as formulations of different types of problems. In 
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the present work, FEM Modelling is used to design stress-optimized Ti-TiN multilayer coatings 

with optimal coating layer thickness. For this, finite element package ANSYS coupled with 

optimization module was used. Finite element models developed so far for stress analyses did not 

take into account the intrinsic residual stress. To fill this gap, thickness dependent intrinsic stresses 

were considered in model.  

3.3 Finite Element Modelling Consideration 
3.3.1  Materials properties  

The structure dependent materials properties such as elastic modulus, thermal expansion coefficient 

and materials behaviour are shown in Table 3.1[27, 39]. Material properties were assumed as 

temperature independent and residual thermal stresses were computed for simulated cooling from 

uniform deposition temperature (250 °C) as stress-free temperature to room temperature (25 °C) of 

the substrate. Deposition temperature was sufficiently low to ignore thermal diffusion effects. 

Plastic hardening behaviour of substrate, an ideal elasto-plastic behaviour of Ti metallic layer 

equivalent to bulk Ti and TiN layer was considered as purely elastic for its brittle nature [39, 40]. 

The materials behaviour is shown in the form of stress strain curve in Fig. 3.2a. In addition to 

material thermal response, materials thickness dependent intrinsic stresses were considered in the 

Modelling. A realistic bi-axial thickness dependent intrinsic stress (ion peening stress) in each TiN 

layer was reproduced as an initial in-plane stress using the INISTATE command in ANSYS. The 

thickness dependent intrinsic stress for numerical calculations was adopted from the growth-stress 

model for columnar structures (Fig. 3.2b) [14].   
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Table 3.1 Physical and thermal properties of inter-layer, coatings and substrate materials     

Materials Elastic Modulus 
(GPa) Poisson’s Ratio 

Thermal Expansion 

(10-6 °C-1) 
Materials 
Behaviour 

Ti 116 0.32 9.0 Ideal Elastic Plastic 

TiN 600 0.25 9.4 Perfectly Elastic 

Substrate 200 0.30 13.0 Plastic Hardening 

Fig.  3.2 (a) Materials behaviour in terms of stress-strain curve, and (b) Thickness dependent 

intrinsic stress reproduced in TiN. 

3.3.2 Description of model 

For the Modelling of residual stress under the influence of thermal and intrinsic stresses generated 

in TiN and Ti coatings deposited with magnetron sputtering, a 2D axi-symmetric stainless steel 

model of 600 μm diameter and 300 μm thickness was formulated in ANSYS multi-physics with 

Parametric Design Language (APDL). Model is built in parametric form to enable changing these 

parameters during optimization. The APDL model consists of a circular disk-shape, which exactly 

reproduces the actual sample shape and has significant dimension in comparison with coating 
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thickness considered in this study. In addition, the model dimension throughout the numerical 

calculations remained same for the qualitative comparison of results. Following were the 

simplifying assumptions in this model: 

i. The interfaces (coating/substrate, multilayer) were assumed to be perfectly bonded. In finite 

element, terminology, the nodes are shared at all the interfaces. 

ii. Coating and substrate materials were assumed as homogeneous isotropic and linear thermo-

elastic. 

iii. The structure dependent materials properties were also assumed as thickness independent. 

iv. Equal bi-axial intrinsic stress in x and z-directions was reproduced in all the TiN layers. 

v. Residual thermal stresses were computed for simulated cooling from an assumed deposition 

temperature (300 °C) as stress-free temperature to room temperature (25 °C) of the 

substrate. This is maximum temperature that can be developed in the PVD coating system 

used in the present study.  

Two models were formulated one of Ti-TiN bi-layer and other Ti-TiN multilayer with middle 

position of interlayer. The two models developed are described as follows (thickness of layers is 

always starting from top layer):  

i.  Model type of bi-layer “BL” (single layer of 2.55 μm thickness and Ti inter-layer of 0.05 

μm thickness); 

ii. Model type multilayer with middle position of Ti inter-layer “MMPI” (three TiN layers each 

of 0.80 µm thickness and three inter-layer of Ti each of 0.06 µm thickness).  

A schematic description of both the models is shown in Fig. 3.3.  
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Fig.  3.3 Schematic description of finite element model (not to scale) realized to evaluate residual 

stress arising from deposition process. 

3.3.3 Description of element 

Materials behaviour was simulated with axi-symmetric thermal element PLANE77. The element 

was 2-D thermal element, eight nodes (quadrilateral form) or six nodes (triangular form) and only 

has temperature degree of freedom at each node. For a coupled thermal-structural analysis, the 

element was automatically replaced with an equivalent structural element PLANE183. The 

structural element was eight nodes (quadrilateral format) or six nodes (triangular format) and has 

two degree of freedom at each node: translation in x and y directions. This element has material 

plasticity, elasto-plastic, stress stiffening and initial stress supporting capabilities. These elements 

were also used during the FEA optimization. The geometry of an element (Fig. 3.4) has 

quadrilateral or triangular areas and nodes are indicated by dots except for element midside node 

that acted as connector between the two or more elements. All the elements that shared a node had 

the same displacement components at that node.  

Radial axis Radial axis

Axis of revolution

Substrate Ti TiN

I- BL II- MMPI 

Axis of revolution
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Fig.  3.4 Geometry of an element 

3.3.4 Meshing and validation of numerical model 

The previously described, quadrilateral shaped element was used to mesh the model. A finer mesh 

size was introduced into the model along the thickness of coating in a graded fashion (biasing 

element size) in order to minimize element size both from the coating and substrate sides towards 

the coating-substrate interface and other interfaces, in case of multilayer coating. The interfaces 

were expected to be sharp with high stress concentration as the PVD magnetron sputtering was low 

temperature process without significant diffusion between the layers. A finer mesh was also 

introduced close to edge in a graded fashion across the thickness of the coating and substrate. While 

in lower part of the substrate, an increasingly coarse mesh was used in order to decrease the 

computational time.  

In addition, for the refinement of mesh in multilayer coating configurations, numerical model was 

validated through numerical tests under different material properties and dimension values of the 

coating and substrate. A change in thermal residual stress with a change in thickness was also 

verified with analytical solution [41]. This was accomplished by the reduction in bending induced 

stress with an increase in layer thickness. This effect was significant for the axial stress; however, 

for the in-plane stress, it was less significant. The thickness of the each layer was simulated with 

sufficient number of elements (number of elements in thickness direction) to have stress distribution 

within each layer. In addition, the bottom left corner of axi-symmetric model was fixed for bending 



27 
 

to occur during cooling that changed the residual stress with a change in thickness of the coating 

layer during the optimization. These boundary condition does not relieve the in-plane intrinsic stress 

which was reproduced in each layer during optimization. The analysis was first performed to assess 

the independent effect of thermal stress and validate the in-plane stress with analytical calculation. 

Elastic theoretical calculation were performed to calculate the average stress using analytical 

relation given in Eq. 3.4 and 3.5 [36]. 

 휎 = 	 퐸 	(휀 	훼 ∆푇) 3.4 

Where,  

 
휀 = 	

퐸 	(훼 	훼 )	∆푇	푡 )
퐸 푡 + 		퐸 푡  3.5 

Then combined effects of thermal and intrinsic stresses on axial stress profile were examined. 

3.4 Finite Element Optimization of Residual Stress in Multilayer Coating  
For the residual stress optimization in multilayer coatings, the thickness of individual layers need to 

be optimized. For this, FEM residual stress analyses coupled with ANSYS optimization algorithm 

(build in) was used to develop stress-optimized Ti-TiN multilayer coatings.  

3.4.1 Single-objective optimization procedure 

The goal of optimization was to determine optimum value of design variables those minimize or 

maximize the objective functions. If the objective is to find a maximum of the function “f”, it will 

be minimization of function – f. Optimization algorithm contains three components: design variable 

(independent variables), constraints (dependent variables) and objective function (dependent 

variables) to be minimized. Within specified lower and upper limits of design variables and 

constraints, the optimization algorithm will search in design space for the minimization of objective 

function with analysis-evaluation-modification cycle as shown in Fig. 3.5 [42]. As per optimization 

cycle, an analysis of initial design is performed, results are evaluated against specific design 

criterion, and the design is modified accordingly.  
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The procedure of single-objective optimization implemented in ANSYS subproblem algorithm is 

described here. In mathematical form, the standard single-objective optimization statement can be 

defined as Eq.3.6 and 3.8:  

 Minimize	푓(푥) 	= 푓(푥 	, 푥 	, … … ,푥 	) 3.6 

 Subject	to		푔 (푥) = 푔 (푥 ,푥 	, … … , 푥 ) 	≤ 0	, 푖	 = 	1, … . , 푝 3.7 

     	and		ℎ	 (푥) = 	 ℎ (푥 ,푥 	, … … , 푥 ) = 	0,					푗	 = 	1, … . ,푚       3.8 

Where, f is objective function to be minimized and x = ( x1 , x2 ,......, xn ) and is design variable with 

lower and upper limits. While hi and gj are vectors of equality and inequality constraints also called 

linear and non-linear constraints, respectively. The limits on design variable and state variable make 

the optimization problem as constrained one. The sub-problem program establishes relationship 

between objective function and design variable by curve fitting. This is done by calculation of 

objective function for several sets of design variables value (i.e. performing the least squares fit 

between the data points of several designs). The resulting curve is called an approximation. Each 

optimization loop generates new set of data points, and the objective function approximation is 

updated. In the similar way, an approximation is generated for each of the state variable and 

updated at the end of each loop. Now, this approximation is minimized instead of actual objective 

function. In this way, optimization program converts this problem into unconstrained optimization 

problem by adding penalty function to the objective function to account for the imposed constraints. 

The penalty function method is as per Eq. 3.9 and 3.10:  

 Minimize	푃(푥) 3.9 

Where  

 
푃(푥,휌	,훽	) = 푓(푥) 	+ 	 휌ℎ

	

(푥) 	+ 	 훽푔
	

(푥)			 3.10 

Where P (x, ρ, β) is penalized objective function and f(x) is the un-penalized objective function. 

The penalty parameters ρ j and β i are computed by Eq. 3.11 and 3.12:  
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 ρ	˃˃	0		 3.11 

 훽 	= 	 						0																			푖푓		푔 	
(푥) 	≤ 	0						

휌	 >> 0					푖푓		푔 	(푥) 	> 0 	 3.12 

Now the problem is formulated into unconstrained optimization. The minimum of the unconstrained 

approximated objective function is then carried out by applying a sequential unconstrained 

minimization technique (SUMT). It is iterative approach that solves the problem in each of the 

iteration. However, by solving directly, the large values of ρ can cause instability and inefficiency 

when deriving solution with high accuracy. The SUMT algorithm is implemented as follows: 

i. Initialization step: Choose tolerances 휀 ˃ 0 such that starting point x0 = 0 for the initial 

penalty parameter ρ = 1. 

ii. Iterative step: Perform unconstrained optimization P(x, ρk) to get xk.  

iii. Convergence criteria: Check the convergence criteria. If ‖xk-1  xk‖ ˂ 휀 or the difference 

between two successive objective functions value is smaller than 휀, then stop. Otherwise, set 

ρk+1 = 10 ρk, x0 =  xk, and return to step (ii).  

For a model with fixed number of alternating Ti-TiN layers on the stainless steel substrate, a single-

objective constrained (total thickness was constrained during optimization iteration) optimization 

algorithm (sub-problem) was employed to find the optimal thickness of each coating layer that 

minimized the axial stress (perpendicular to interface) at edges.  

In the present work, coating layers were used as design variables (independent variable) within 

constraints of total thickness (2.6 µm). The axial stress (normal to surface), which was highest at the 

at the model edge, was used as objective function. The optimization algorithm will search for 

minimum objective function within specified upper and lower limits of design and state variables. 

Thickness of Ti inter-layer was varied from 60 to 150 nm. Each TiN layer has initial thickness of 

0.8 μm and varied from 500 nm to 1.5 μm.  

During optimization, a realistic bi-axial thickness dependent intrinsic stress (ion-peeing stress) in 

each TiN layer was reproduced as an initial stress using the INISTATE command. It was adopted 
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from the growth-stress model for columnar structure [14]. The in-plane intrinsic stress (Fig. 1c) was 

applied on structural elements of each material and as a check, the stress in each solution was 

written out to a file by issuing the “inis, list” command. In addition, with the change in thickness of 

TiN during optimization-cycle, the corresponding value of intrinsic stress for that thickness was 

reproduced on structural elements and as a monitoring check, it was also written out to a file in each 

previous solution. All the modelling activities in the present studies were carried out on an Intel-

Xeon 3 GHz processor machine with 8 GB of random access memory, running a Windows 64-bit 

operating system and time taken for an optimization was ≈ 20 min.  

The Multilayer configuration (MMPI) was optimized in two ways according to the optimization 

frame work is shown in Fig. 3.5. In the first optimization, only the position of Ti inter-layer was 

changed within a fixed overall thickness of all the three TiN layers. Second optimization was 

performed with variable thickness of all the Ti interlayers and TiN layers.     

 

FEA Analysis Model 
(APDL)

Convergence Check

Change in Thickness of Ti & TiN

Optimal Thickness of Ti & TiN

Yes

No

Objective Function & 
Constraint Evaluation
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Fig.  3.5 Followed optimization frame work 

This was simply done by only taking the TiN three layers as design variables and there thickness 

was changed during optimization cycle. During the second optimization, thickness of all the layers 

was changed. To facilitate reading, the two optimal models developed are described as follows:  

i. Model type “MOPI”: Multilayer with optimal position of Ti interlayers; 

ii. Model type “MOTI”: Multilayer with optimal thickness of Ti interlayers. 

3.4.2 Analysis through batch file 

As per requirement of the optimization and reproducing the thickness-dependent intrinsic stress, 

ANSYS batch mode was used instead of the Graphical User Interface (GUI) mode. The batch input 

file for the analyses was written in APDL. The batch processing mode is highly modular as once the 

batch file was created, changing materials properties, dimension of model, mesh refinement, load 

etc. is snap. It helps to save lot of time to optimize or make several ANSYS runs without doing 

everything by hand. The analysis in batch mode is shown in the Appendix-A as an input file. 

3.5. Analytical Modelling for Description of Adhesive and Cohesive 
Failures in Coatings 
A physical analysis of mechanical contact in measurements, like instrument indentation, scratch and 

tribo-tests (wear) enables to find out why a coating system fails under certain loading conditions. 

The results provide indications on how the investigated coatings can be improved. Analytical 

Modelling of mechanical contact in coating substrate system could provide comprehensive 

information about specific coating property. For example, in case of coating on compliant substrate 

under micro scratch and indentation test only fails as a result of severe deformation in the substrate 

without specific coating property. Therefore, significant measurement information is essential for a 

sound determination of mechanical properties of the coating or the interface as well as the physical 

analysis of failure mechanism [43].  
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3.5.1 Theory of analytical Modelling method  

Analytical approach based on method of image indenter and its application to mechanical contact 

problem in layer materials is a well-established and widely used [44-46]. A description of the 

procedure is illustrated in Fig. 3.7, where two-layered half space is investigated with respect to 

elastic field within the area 0 ≤ z ˂ h.  

 

Fig.  3.6 Figurative description of the mathematical method (method of image indenters): (a) The 

result for the region z ˂ h (z ˂ 0), i.e. the observer located within the layer, (b) For the observer 

within the substrate z ≥ h (z ˂ 0) where h is thickness of coating. Source [46] 

With already known homogeneous solution for the load conditions, all the interfaces and surfaces 

are treated as boundaries at which special conditions for the elastic field has to be satisfied. For the 

non-homogenous half-space (layered half space) an observer interprets the sets of additional 

potentials as sets of additional indenters which act from the positions z = -2h, z = -4h..., provided 

under the same load conditions. Alternatively, in the same manner for the homogeneous half-space 

(substrate half space), fictitious observer interpret the elastic field in the z ≥ h zone as one of the 

infinite space with the original contact at z = 0 as well as addition indenters (image contacts) at the 

positions z = 2h, z = 4h... and so on, in relations to added potential functions. The von-Mises stress 

produced in the material under the influence of both normal and shear loading was calculated using 

the relation in Eq. 3.13:  

(a) (b)
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σ 	 =
1
2

휎 − 휎 + 휎 − 휎 + (휎 − 휎 ) + 6 휏 	+ 		 휏 + 	 휏  3.13 

3.5.2 Analytical Modelling for description of adhesive and cohesive failures 

For practical adhesion evaluation, scratch test is commonly followed technique in which critical 

load acting normal to surface at incident of failure is usually related to adhesion between the coating 

and the substrate. However, it is strongly affected by various parameters such as scratch indenter tip 

radius, film thickness, friction effects, hardness and elastic modulus of coatings and substrate 

material, etc. In hard-coatings cohesive failures are due to an extensive deformation in the 

compliant substrate by high indenter tip radius during the scratch test. Indenter tip radius 

significantly controls the depth of deformation zone. The plastic deformation mainly starts in the 

substrate and does not initiate in coatings until the large plastic zone has develop at coating-

substrate interface [47]. With relative increase in indenter tip radius, the critical scratch load and 

deformation depth within substrate is increased. As a result, sufficiently high tensile bending 

stresses developed in coating and being sensitive to tensile stress cohesive failure occurs. In general, 

high compressive shear stress at interface and tensile stress at contact edge cause delamination at 

interface and crack formation in brittle ceramic layer close to surface [48]. Therefore, the pre-

requisite for producing adhesive failures and suppressing cohesive failures in the thin hard coatings 

on relatively compliant substrate is to choose proper scratch indenter tip radius. 

In the present studies, first scratch test was performed with standard indenter (200 µm). However, 

the cohesive failure mode was found, indicating the cohesive property rather than adhesive. Then 

scratch test was performed with 100 µm indenter, the adhesive failures were found. Finally, the 

adhesive and cohesive failure modes were analytically described with analytical modelling software 

package (FilmDoctor®) [49]. It was found in accordance with the studies by Schwarzer et.al [43] 

that the position of maximum von-Mises stress (criterion related to the plastic flow of the material 

due to shear stress) is the controlling factor for adhesive failures. The maximum von-Mises stress 
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should be increase sufficiently above the critical yield strength of metallic layer at interface to 

ensure adhesive failure. The state of the stress was simulated with tangential frictional force of 10 

% of the applied normal load (apparent friction coefficient), which roughly model the interaction 

between the indenter and the coating. The critical load was determined by scratch test, defined as 

load where delamination or crack failure appear, was used as input to analytical Modelling. The 

interaction was modelled with two hemi-spherical tip conical indenters of tip radii (100 and 200 

µm), in order to characterize the most likely occurring cohesive and adhesive failures. The position 

of the von-Mises stress with respect to the coating-substrate interface and the normal stress on the 

surface at trailing edge of scratch indenter was qualitatively compared. The elastic modulus input 

data were measured with nanoindentation and interaction was modelled without an influence of the 

coating intrinsic stresses. The data used in analytical calculations are shown in Table 3.2. 

Table 3.2 Physical properties of inter-layer, coatings and substrate materials     

Material Elastic Modulus 
(GPa) Poisson’s Ratio Thickness for BL 

Modelling (μm) 

Thickness for 
MMPI Modelling 

(μm) 

Ti 116 0.32 0.05 0.05 

TiN 400 0.25 2.55 0.80 

Substrate 200 0.30 NA NA 

 

3.6.  Summary  
In this chapter, an overview on the use of modelling techniques in this thesis has been provided. 

The procedure and theoretical basis are explained. The aim of using the modelling in the present 

study has been explained. Please note that the procedure can be easily reproduced by any user who 

reads this document, for any multilayer system architecture, given the ANSYS input files that are 

provided as in the  appendix-A. This is a key-factor for dissemination and wider use of this method. 
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Chapter 4 EXPERIMENTAL DETAILS 

4.1 Substrate Preparation 

Stainless steel substrate having thickness of 5-7 mm was cut from 25 mm diameter commercially 

available steel rod. The specimen grinding was accomplished with 180, 400, 600, 800 and 1200 

grits silicon carbide-papers and polished with diamond suspension of 6, 3 and 1µm. In each 

successive grinding (lapping) stage, scratches from previous stage were removed with perpendicular 

orientation of the substrate with respect to the previous scratches. The switch over to fine grit paper 

was done when the same orientation of all the scratches like hair became visible under microscope. 

In addition, before moving to finer paper, samples were thoroughly washed with water followed by 

alcohol and then allowed to dry. With the finer grit (1200), all the scratches were removed till the 

sample showed a mirror finish. At this stage by seeing under the optical microscope, all the light 

was diffused without any reflection and the sample surface became opaque. Sample was gently held 

stationary with balanced force during each grinding stage to keep it completely flat as uneven 

surface was not suitable for scratch testing as well as XRD residual stress measurements. The other 

side of samples was also grinded to make sure the flatness of sample for all the designed 

investigations. After grinding, all the substrates were polished to mirror finish. It was performed on 

polishing discs with rubber pads of 6, 3 and 1µm using corresponding diamond suspension as 

lubricant. Finally, samples were ultrasonically pre-cleaned in acetone and isopropyl alcohol for 10 

min. The roughness of sample was in the range of 25-35 nm measured with optical profilometer 

(Leica DCM 3D). 

4.2 Physical Vapour Deposition (PVD) and Magnetron Sputtering 

The PVD is a physical way of producing condensable vapour followed by deposition of thin film 

from those vapours. To produce vapours, a variety of physical means are used, such as simple 

heating of  source material (thermal source), laser beam with an intense photon beam (pulsed laser 
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deposition) and knocking of atoms out of target with energetic ions (sputtering). The technique is 

performed under vacuum, evaporation under high (10-6 torr) to ultra-high (10-9 torr) and sputtering 

under moderate to low vacuum (10-4 to 10-1 torr) [50]. The PVD was used to deposit thin films 

particularly at lower temperature (200~250 °C) and possible to deposit coating on heat sensitive 

material without affecting their properties.  

In the sputtering process, material to be coated (target) was subjected to high negative voltage. The 

fundamental physical embodiment (hardware) configurations of practical deposition systems in 

wide-spread use, with the representative operating parameter were: DC sputtering, RF (radio 

frequency) sputtering, and the magnetron sputtering (MS).  

The schematic of DC sputter deposition with parallel-plate discharge is shown in Fig. 4.1a. Here 

discharge means current flowing through a low-pressure gas. Argon is the most common sputtering 

gas, at a pressure of the order of one torr. The power supply was simply a high-voltage DC source 

of supplying several kilo-Volts (kV). The sputtering target was the cathode of the discharge, tens to 

several hundred square centimetres; the anode may be the substrate and/or vacuum chamber walls. 

The cathode-anode separation was typically a few centimetres. Argon gas was transformed into 

positive ions under the influence of vacuum and electrical charge. These positively charged ions 

sputtered the material to be deposited.    

The RF sputtering offers advantages over DC, for instance, lower voltage and lower sputtering gas 

pressure may be used with high deposition rate. Sputtering of an electrically insulating target 

becomes possible. Schematic of RF sputtering with a parallel plate discharge capacitive is shown in 

Fig. 4.1b. The power supply was a high voltage RF source (offering 0.5-1kV amplitude, ≥ 0.1 MHz 

frequency). A blocking capacitor (C) was placed in the circuit to develop DC self-bias, and 

matching network was used to optimize power transfer from RF source to the plasma. The RF 

source produced and maintained the plasma in the same way as DC discharge does. 



37 
 

 

Fig.  4.1 Schematic arrangement: (a) DC sputtering, and (b) RF sputtering  

In magnetron sputtering (MS) permanent magnets are placed behind the target that forms a 

magnetic field in front of the target. The permanent magnet creates lines of magnetic flux those are 

perpendicular to the electric field (as in DC sputtering there is electric field perpendicular to the 

target surface) and parallel to the target surface.  It confines the free electrons (secondary electrons) 

close to the target that increase the local gas ionization for the provision of more efficient and high 

sputtering rate. The schematic of MS is shown in Fig. 1.2a along with magnetron sputtering facility 

used in the thesis work. 

 

Fig. 4.2 The magnetron sputtering arrangement and sputtering plant: (a) Planar and annular 

magnetron sputtering arrangement, (b) Photograph of magnetron sputtering deposition facility.  

 

(a) (b)

MS-PVD Plant

(a) (b)
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4.3 Preparation of Magnetron Sputtering Ti-TiN Multilayer Coatings 

The multilayer coatings of the Ti-TiN in the present work were produced using in-house developed 

balanced-magnetron sputtering plant, with DC powered Ti target and RF powered sample holder 

capable of inducing bias to the substrate. Nitrogen was put into chamber to produce TiN by reactive 

sputtering. The chamber was pumped down to a base pressure of 6 x10-6 mbar and each TiN layer 

was deposited with 120 and 14 sccm respective flows of argon and nitrogen. Samples were 

ultrasonically pre-cleaned in acetone and isopropyl alcohol for 10 min and mounted on a sample 

holder that was fixed at 110 mm distance from the target. The substrates were subsequently sputter-

etched in argon plasma for 10 min in order to remove the surface oxide layer. The deposition rate of 

Ti and TiN measured with FIB was ≈ 1 and 35 nm/min, respectively. The differentiation of each 

layer thickness was achieved by choosing the deposition time. All the TiN layers were coated with 

an applied potential of 150 V while all the Ti layers were coated with floating potential (around 30 

V from plasma). The temperature developed during deposition and ion-etching was measured with a 

temperature measurement strip gauge. The gauges were mounted on the rod which held the sample 

on other side. At the end of deposition the temperature was 290 °C. The images of samples 

produced were shown in the Table. 4.1.     

Table 4.1 Images of produced samples 

    
BL MMPI MOPI MOTI 

4.4 Focused Ion Beam for Thickness Evaluation 
A focused ion beam (FIB) system is an instrument used extensively in the semiconductor and 

materials science fields for site-specific micro-machining, analyses and for deposition. A FIB 
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column resembles that of a scanning electron microscope (SEM) but is equipped with electrostatic 

lenses rather than electromagnetic lenses. Most commercially available FIB systems use a focused 

beam of gallium ions (Ga+) from a liquid metal ion source (LMIS) to perform micro-machining 

tasks [51]. Gallium is commonly used because it has a low melting point (29.8 °C). Minimal heating 

is required to melt gallium to wet the tungsten needle at the LMIS. The minimal heating 

requirement reduces any reaction between the gallium and the tungsten needle. The low instability 

and low vapour pressure of viscous liquid gallium contributes to source stability. 

A FIB system looks and operates very much the same as a scanning electron microscope (SEM), the 

only difference is that Ga+ ions are used as an alternative to electrons. Just like in SEM, the 

intensity of the secondary electrons produced at each raster position of the beam are displayed to 

create an image of the sample. Since ions are heavier than electrons and can strike with greater 

energy, these result in sputtering of neutral and ionized substrate atoms (milling). During this 

process, chemical interaction also occurs, like breaking of chemical bonds, dissociation of 

molecules. Hence this phenomenon can be exploited during the deposition process. Fig. 4.3. 

summarized all the three processes. 

 

Fig. 4.3 The FIB principle, from left to right: Imaging, Milling and Deposition.  Source [52] 

One of the most common applications of the multi-beam instrument is the cross sectional imaging 

of samples. The sample is tilted towards the FIB column such that the ions beam is normally 

incident on the sample surface. An area is milled out, normally 20-30 µm in width and 10-15µm in 

length. A Ga+   high ion beam current (greater than 1nA) is used to rapidly mill the area to a depth of 
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5-10 µm and then a finer beam with the smaller current (< 500pA) is used to polish one face of the 

cross section. The polished face can then be imaged directly with the SEM. If the surface layer is of 

particular interest (as in the present studies) then the gas injection system is used to deposit a thick 

layer (0.5 ~ 1 µm) of Pt, C or W to act as a sacrificial layer to protect the sample surface. Fig. 4.4a 

shows a FIB cross section of a titanium nitride (TiN) coating along with the sacrificial Pt layer, 

while Fig. 4.4b shows the cross section of a multilayered coating highlighting not only the 

multilayers but also the bond layers. The FIB cross sectioning in the present studies was carried out 

with the FEI Helios NanoLab 600 system. A FIB current of 21 nA was used for milling the trench 

while 2.8 nA and 0.92 nA were used for rough and fine polishing, respectively. 
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Fig. 4.4 The FIB cross section: (a) Single layer, (b) Multilayer TiN coating showing the sacrificial 

layer, interlayer and bond layer. 

4.5 Nanoindentation Testing  

Nanoindentation testing, also known as instrument indentation test (IIT) involves pressing a hard 

indenter (diamond of known geometry)  into test material and continuously-recording the resulting 

load versus displacement data [53-55]. The ultra-low-load (1nN) can be applied and displacement 

of 0.1 nm can be measured. An instrument indentation provides the acquisition and continuous 

control in feedback during the applied load and indentation depth, by using load cell and 

displacement sensor which varies according to type of instrument. The resulting load-displacement 

response of material is analyzed using the realistic physical models for hardness and elastic 

modulus calculations.  

In the Agilent Nanoindenter G200, the force is applied by means of magnetic coil through varying 

the intensity of the circulating current. The displacement measured with a capacitive sensor 

consisting of three plates: One connected to indenter and other two are fixed. By varying the 

displacement, capacitance is measured with in nominal resolution of 0.01nm. The vertical 

movement (only one degree of freedom) of the indenter is guaranteed by a system of springs (Fig. 

4.5b) which ensure very high transverse stiffness (maintaining a low vertical stiffness).  

 

Fig. 4.5 Nanoindentation equipment: (a) Nano Indenter G200, (b) Schematic representation.        

(a) (b)
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The typical outcome of instrument indentation test is represented with P-h curve, as an example, a 

typical data set with the Berkovich indenter (three-sided pyramid) is presented in Fig. 4.6. The 

curve is mainly characterized by loading and unloading portion. Loading portion shows elastic-

plastic response of material and its shape is dependent on load and geometry of indenter. However, 

the unloading curve is completely different. Initial stage of unloading curve shows elastic recovery 

in the material.  

 

Fig. 4.6 Schematic description: (a) Schematic description of load (P) versus displacement into 

material (h) curve with basic parameters, (b) Schematic of contact geometry under action of load P; 

plastic deformation within area of contact and elastic deflection (sink-in) to the edge of contact area, 

(c) Contact geometry for a load P (loaded) and following the removal of indenter (unloaded).  

The two most important mechanical properties, hardness (H) and modulus (E) are frequently 

measured using the classical Oliver-Pharr [56, 57] procedure. The procedure is based on the 

analysis of generic P-h curve from a test performed with instrumented indentation without the 

requirement of testing parameters. The procedure is based on some fundamental materials 

assumption: The test material is homogenous and isotropic, and the materials behaviour is 

independent of the strain rate and creep phenomena. The analyses involve the calculations of three 

important parameters from the P-h curves namely; maximum load, Pmax, maximum displacement 

(a) (b)

(c)
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into surface, hmax, and the elastic unloading stiffness, S = dP/dh, defined as the slope of upper 

portion of unloading curve (also called contact stiffness). The hardness and elastic modulus are 

uniquely derived from these parameters.  

The stiffness of contact is the rate of change in load with depth which is measure of elastic modulus 

E of the material. The elastic modulus (reduced modulus, which describes the elastic contact 

between the sample and the indenter) is simply determined by measuring the contact stiffness and 

area of contact, made at the time of initiation of the unloading (Fig. 4.6c), through the following 

analytical relation derived from the solution of Sneddon for the elastic contact between a cone and a 

plane surface:  

 
퐸 	= 	

1
훽	
√휋
2 	

푆
퐴

 4.1 

Eq. (4.1) is derived from theory of elastic contact [58] and is valid for all types of indenter 

described as smooth function of a solid of revolution. Since this equation is derived for an 

axisymmetric indenter, it formally applied only to circular contacts. However, the correction factor 

β is then introduced to take into account of the geometry which is not axisymmetric as commonly 

used indenter (Vickers, Berkovich).  In experimental practice (Oliver-Pharr), the contact stiffness S 

is calculated by interpolation of a portion (typically 50%) of the unloading by an equation of the 

type: 

 	푃	 = 	훼	 ℎ − ℎ  4.2 

Where α and m are the interpolation parameters (hf is the final sink-in). The contact stiffness S is 

calculated analytically by differentiating Eq. (4.2) and calculating the value for h = hmax i.e: 

 	푆 =
푑푃
푑ℎ 	

= 	훼	.푚 ℎ − ℎ  4.3 

The next step in the procedure is to determine the contact sink-in hc, which is in accordance with the 

assumptions of the method (Fig. 4c), is expected to be always lower than the total depth of 

penetration hmax. 
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The sink-in of contact is calculated as: 

 ℎ 	= ℎ − 	휀	
푃
푠  4.4 

Where 휀 is constant which depends on the geometry of the indenter. Analytical solutions of elastic 

contact mechanics predict that for spherical indenters ε = 0.75 and hc/h = 0.5 and ε = 0.72 and for 

conical indenters hc/h=2/π. Finite element analysis [55] have shown that Eq. (4.4) functions 

optimally for a contact-type elastic-plastic using ε = 0.75. 

The contact area Aproj is calculated (eq. 4.1) in a continuous manner as a function of the indentation 

depth hc: 

 퐴 	= 	 퐶 	(ℎ ) = 	 퐶 ℎ + 	퐶 ℎ + 퐶 ℎ 	+	퐶 ℎ + ⋯+ 퐶 ℎ  4.5 

 퐴 	= 	푓(ℎ ) 4.6 

Where the area function represents the characteristic section of the indenter as a function of sinking-

in of the contact; this function is calculated using calibration standard sample of amorphous silica 

(SiO2) with known elastic properties and is essential for precise description of the indenter 

geometry. Where C0 ... C8 are constants determined by the procedure of the measurement curve. 

The number of terms are chosen according to good fit over the entire range of depth and determined 

by comparing the log-log plot of the data fit. This type of relationship allows to easily describing a 

large number of geometries relevant from the practical point of view. The perfect pyramid or cone 

is represented only by the first term C0, while the second term describes a paraboloid of revolution, 

approximated to a sphere for small depths of penetration. A perfect sphere of radius R is instead 

described by the first two terms with C0 = C1 = - π and 2πR. 

Finally, once the projected area of contact and stiffness of contact is known, the hardness and elastic 

modulus are determined by using the fundamental analytical relations as follows:  

 퐻 = 	
푃
퐴  4.7 

Where P is load and A is the area of contact at that load, and elastic modulus from Eq. (4.1) 
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The entire procedure (Oliver-Pharr) for the extrapolation of the basic properties of a 

nanoindentation test is summarized schematically in Fig. 4.7. 

 

Fig.  4.7 Schematic summary of the procedure followed (Oliver-Pharr [56, 57]) for the calculation 

of hardness and elastic modulus for a standard nanoindentation test. INPUT is a generic curve 

Load-displacement, OUTPUT is the hardness and elastic modulus calculated at the maximum load. 

In the present work, intrinsic hardness and reduced modulus of bilayer and three multilayer 

configurations were measured by nanoindentation (Nanoindenter Agilent G-200). A diamond 

Berkovich indenter was used to perform the measurement in continuous stiffness mode (CSM). 

This means that the contact stiffness was measured continuously as a function of displacement into 

surface, thus allowing for a continuous measurement of the indentation modulus and hardness. The 

correct load-displacement curves were analyzed with the Oliver and Pharr procedure and hardness 

and modulus were evaluated as an average of sixteen measurements. Mechanical properties were 

evaluated for penetration depth of 100-200 nm which is within 10 % of the coating thickness to 

avoid substrate effects. 
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 4.6 Scratch Testing 

The Scratch Test consists of introducing stresses at coating-substrate interface through diamond 

stylus with constant, progressively increasing normal load. The instrument controls vertical load on 

the indenter meanwhile the specimen is linearly moved. The stresses was generated as combination 

of indentation stress field, frictional stress field and residual stress present in the coating .The 

resulting stresses caused adhesive and cohesive failures. The smallest load is called the critical load 

at which a specific failure took place. Other transducers located in the specimen stage continuously 

recorded acoustic emission and tangential forces (friction force) during the test and used this 

information to estimate adhesive and cohesive events and friction coefficient, respectively. The 

track produced by the indenter is consequently observed with an integrated optical microscope and 

for more resolution with optical profilometer. Sometimes, the failure modes were analysed in detail 

by 3D microscopy, with the main objective of critical load evaluation for specific coating system. 

With the optical survey of the surface, it is possible to recognize typical critical load, where coating 

is damaged. Correlating the location on the track with the load applied, it is possible to establish the 

amount of force necessary to damage the coating.  

In general, the standard scratch test [59] is effectively used for the substrate that does not deform 

plastically to any great extent before the coatings are effectively detached and uncover the substrate,  

which is used as indication of adhesion failure.  The test depends on many other parameters such as 

indenter radius, coating thickness, residual stress in coatings and friction coefficient between 

diamond stylus and coatings. Therefore, results of the test are evaluated qualitatively in terms of 

good and bad adhesion rather than an absolute value of adhesion strength.  

In the present investigations, the CSM Instrument Revetest Scratch Tester was used, a schematic 

illustration of this equipment is shown in Fig. 4.8.  
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Fig. 4.8  Schematic illustration of scratch test instrument. Source [59] 

Scratch tests were performed on bilayer and three multilayer configurations in order to evaluate 

adhesion to the stainless steel substrate. According to the UNI EN 1071 (3) Standard at least three 

scratches are performed on each sample with a CSM Instruments Revetest [60]. A 10 mm long 

scratch was made using the Rockwell “C” diamond indenter tips of radii 100 and 200 µm with 

sliding speed of 10 mm/min and loading rate of 30 N/min. A progressively increasing loading mode 

with starting load of 1N was used to identify the start of scratch track. Quite different failure modes 

were visible with different indenter radii. With indenter radius of 200 µm, scratch failures were 

characterized as: LC1- buckling failure (semi-circular crack beyond scratch edge); LC2 - chipping at 

scratch edge with partial delamination; LC3 - complete delamination (appearance of substrate).  

However, for 100 µm indenter radius, critical failure were evaluated (critical loads: LC1- first 

delamination (partial appearance of substrate); LC2 -complete delamination (semi-circular 

appearance of substrate)) by means of scratch data analyses. After scratch, the critical load for 

failure was calculated by analysing the scratch track using optical profilometer.  
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4.7 XRD Residual Stress Measurement 

The X-ray diffraction is promising and widely used technique for residual stress evaluation in 

crystalline materials. It is developed from theories of crystallography and solid mechanics. Brief 

description of the physical principal involved for the evaluation of in-plane residual stress is the 

measurement of normal strain (εz) under the assumption of plane stress condition. The grains that 

have planes parallel to surface will diffract at certain 2θ angle. By the use of well-known Bragg’s 

law the inter-planar spacing is measured. The inter-planar spacing acts as strain gauge. The 

magnitude of peak shift with reference to the stress free data of powder material is related to 

magnitude of residual stress. Thus, if there is no residual stress, the peak shift will be zero. The 

details of briefly described physical principal involved in XRD measurement is given below.  

4.7.1 Bragg’s equation  

The X-rays diffracted from family of atom-containing planes in the crystal structure are in phase 

and constructively interfere with one another under the Bragg’s conditions. Mathematically, the 

conditions are (Eq.4.8): 

 휆	 = 2푑 sin 휃 4.8 

Here λ is the wavelength of X-ray beam, d is inter-planar spacing, and θ is the angle of diffraction. 

The derivation of condition is as follows;   

 

Fig.  4.9 Bragg’s Conditions 
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Fig. 4.9 shows monochromatic X-rays beam incident on the surface of a crystal at an angle of θ. 

The P, Q and R represent a family of planes separated by the distance d. The plane P reflects AX in 

XD. Similarly, plane Q reflects BY in YE at the same angle θ. Although the beam penetrates many 

more planes only consider the top two. 

As the plane Q is lower than P, the beam path BYE is longer than AXD by the amount equal to GY 

+ YH. This is the path difference between two beams.  

From the geometry of the Fig. 4.9, 

The angle AXG = θ + angle PXG = 90° 

Then angle PXG = 90° - θ 

and angle PXY = PXG + GXY = 90° 

Then angle GXY = θ 

Similarly, YXH = θ 

From the triangle GXY, the sin θ could be calculated as (Eq.4.9), 

 푆푖푛휃 = 	
퐺푌
푑  4.9 

And from the triangle YXH, the sin θ could be calculated using Eq.4.10, 

 푆푖푛휃 = 	
푌퐻
푑  4.10 

Therefore, the path difference (GY + YH) = 2d sin θ 

The angle between the transmitted and diffracted beam is always equal to 2θ to fulfill the Bragg’s 

conditions for diffraction from surface parallel planes. In Bragg-Brentano (θ-θ) arrangement, both 

the X-ray source and detector rotate around common axis at the center of goniometer where sample 

is placed which is stationary. The X-ray source, detector and sample form a vertical plane 

(scattering plane) while sample lies on horizontal plane. Both the X-ray source and the detector 

moves are synchronized to form equal angle with surface of sample. However, in θ-2θ 

configuration, the X-ray source is stationary while sample is rotated around the same axis as 



50 
 

detector. In this configuration, sample and detector are synchronized to meet the 2θ scattering 

conditions.  Results of X-ray diffraction are always given in terms of 2θ. However, the angle used 

in Bragg’s Equation to calculate the inter-planar spacing is always the angle between the incident 

and diffracted beam, i.e θ. 

4.7.2 Measurement of strain  

Inter-planar spacing between the parallel planes acts as strain gauge. When the material is strained, 

elongation and contraction will produce within the crystal lattice as a result of Poisson’s ratio which 

will change the inter-planar spacing in the lattice planes. 

Under plane stress conditions, stress normal to surface of sample will be zero; however the strain 

will not be equal to zero. The strain εz is then measured precisely in shift of peak position with 

reference to unstrained inter-planar spacing d0. Mathematically the εz can be determined following 

the Eq.4.11 as:  

 휀 = 	
푑 − 	푑

푑  4.11 

Equation 4.11 gives strain normal to surface of sample. By tilting the sample, measurement of inter-

planar spacing between planes at an angle of Ψ is made and strain along that orientation is 

calculated using Eq. 4.12 as: 

 휀 = 	
푑 − 	푑

푑  4.12 

Planes parallel to the surface and at an angle of ΦΨ to the surface of sample are shown in Fig. 4.10. 

This is to illustrate how the strains (inter-planar spacing) at angle to sample surface are measured by 

tilting the scattering vector.   
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Fig. 4.10  Plane stress elastic model. Source [61] 

The measured strain is always normal strain as the scattering vector is rotated with Ψ rotation to 

fulfil the Bragg’s conditions. In order to find the in-plane stress, strains are then transformed from 

measuring coordinate system to sample coordinate system using strain transformation tensor from 

theory of elasticity. 

 

Fig. 4.11 Coordinate systems used for stress and strain calculations: (a) Principal axis of strain, (b) 

principal stress corresponding to stress and strain orientations. 

According to theory of elasticity for isotropic materials, the strain along an inclined line m3 in Fig. 

4.11a is corresponding to the tilt and orientation of sample. The strain (휀 ) in the orientation is 

defined by angle Φ and Ψ (Eq. 13) as:  

 휀 = 	
1 − 휈
퐸 	(휎 cos 훷 + 	휎 sin 훷	) sin 훹	 −	

휈
퐸

(휎 + 	 휎 ) 4.13 

(a) (b)
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4.7.3  Stress calculations 

Once the strains are measured, then stresses are related to these strains by Hook’s law (Eq. 4.14) as: 

 휎 	= 퐸휀  4.14 

It is also well known that the tensile force in x-direction could not only produce strain in that 

direction but also results in the compressive strain in the transverse directions. The ratio of 

transverse to longitudinal strain is Poisson’s ratio (ν) and is determined using the Eq. 4.15 as: 

 휀 	= 	휀 	= 	−휈	휀 	= 	−
휈
퐸 	휎  4.15 

According to X-ray measurement, the strain in z-direction is related to strain in other two directions 

using Hook’s law in three dimensions as in Eq. 4.16 below:  

 휀 	= −휈	(휀 + 휀 ) 	= 	−
휈
퐸 	(	휎 + 	휎 ) 4.16 

By putting the value of 휀  from equation 4.13 into Eq. 4.17, the expression (Eq. 4.17) is as: 

 
푑 −	푑

푑 = 	−
휈
퐸 	(	휎 + 	 휎 ) 4.17 

For the biaxial state of stress, the equation 13 takes the form of Eq. 4.18 as: 

 
푑 −	푑

푑 = 	
1 + 휈
퐸 		휎 sin 훹	 − 	

휈
퐸

(휎 + 	 휎 ) 4.18 

Where the elastic constants E and ν are not the bulk values but are the values of crystallographic 

direction normal to lattice planes defined by Miller Indices (hkl) in which the strains are measured. 

Equation 4.18 describes the basic relationship between inter-planar spacing and biaxial stress in the 

sample. The inter-planar spacing 푑 	is linear function of sin 훹	. The actual dependence of inter-

planar spacing of (311) plane for Ψ ranging from 0 to 45ᵒ for shot peened 5056-O aluminum having 

stress of -148 MPa is shown in Fig. 4.12.  
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Fig. 4.12 Linear dependence of inter-planar spacing of plane (311) upon sin2Ψ for 5056-O 

aluminum shot peened alloy. Source [62] 

The straight line is fitted by least square regression analysis. The intercept of the plot at Sin2 Ψ = 0 

is equal to unstressed inter-planar spacing (푑 ), minus the Poisson’s ratio contraction caused by the 

sum of principal stresses (second term on right hand side of Eq.18). Finally, the slope of plot is in- 

plane stress and can be calculated using Eq. 4.19 as given below:  

 휎 = 	
퐸

(1 + 휈 )sin 훹			
푑 −	푑

푑  4.19 

This is classical method for residual stress evaluation and is known as Sin2 Ψ.   

In this work,  in-plane residual stresses analyses in the bilayer and three multilayer configurations 

were conducted with Bruker D8 Discover System in parallel beam geometry optics arrangement 

using Cu-Kα radiation (λ = 1.54 Å). As the precision of residual stress measurement with classical 

X-ray sin2 Ѱ method depends strongly on accurate determination of diffraction peak position. 

Several full scans in Bragg-Brentano (θ-2θ scan mode) were performed to identify the peak at high 

angle to be used for residual stress quantification. The TiN (111) peak shifted with reference to the 

standard TiN powder diffraction data which showed that coatings were (under or over) 

stoichiometric [63]. Moreover, the low angle peak (111) was intense and higher angle peaks were 

very weak. By tilting for Ψ measurements the peaks are disappeared that could be due to the texture 

in coating.  Therefore, the X-ray data were collected for peaks (422) and (511) for all the samples at 
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grazing-incidence X-ray diffraction (GIXRD) for qualitative residual stress analyses. The grazing 

angle was set at 1° for all the samples with a scan step size of 0.02° over a 2θ range of 110° to 160°. 

The grazing-incident is reasonable to have residual stress from a shallow region of coatings for 

qualitatively comparison. 
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Chapter 5 RESULTS AND DISCUSSION 

5.1 FEM based Design of Stress-Optimized Ti-TiN Multilayer PVD-Coatings 

Results of residual stress modelling and the optimization of multilayer coatings thickness for 

minimization of residual stress are summarized in this section. In the first subsection (5.1.1), 

interfacial axial and in-plane shear stress induced by the thermal and intrinsic stress in bilayer and 

multilayer configurations is compared. In the subsequent subsection, results of multilayer coating 

configurations optimized under variable position and thickness of all the layers are elaborated. 

Finally, conclusions of modelling results are presented.    

5.1.1 Stress analysis in bilayer and multilayer coating configuration 

The failure mechanisms in coatings as described in the Literature Review Chapter are mainly 

controlled by the magnitude of in-plane stress and interfacial stress (axial stress and in plane shear 

stress). In-plane normal stress at the centre of axi-symmetric model in compressive state is of 

practical significance, as buckling could result from this component. Similarly, axial normal stress 

and in plane shear stress at the edge of model are most important to address the peeling and 

spallation related failure mode in the coatings. These stress components are first analysed in bilayer 

and multilayer coating configuration subsequently multilayer coating configuration is subjected to 

stress-optimization.  

At first, the finite element analyses was performed for model verification, validation and then 

independent effect of thermal and intrinsic stresses are analysed. Thermal in-plane stress as shown 

by open circle in Fig. 5.1 is predicted in TiN ceramic layers along the node path in correspondence 

of the model axi-symmetric axis. According to bimetallic strip model [36], thermal stress in coating 

after assumed deposition temperature could be compressive or tensile depending on the thermal 

expansion coefficients of the coating and the substrate. If the coating thermal expansion coefficients 

are lower than the substrate during cooling the substrate will contract more than the coating. As a 
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result compressive stress will be generated in the coating. Thermal stress in TiN and Ti layers are in 

accordance with the thermal expansion properties used in the present study. This stress component 

has been also analytically evaluated for one dimensional case using Eq. 3.4 given in Chapter on 

Modelling Activities without considering substrate bending. The FEM calculations showed good 

agreement with elastic theoretical solution which ensured proportionate thickness of substrate in 

numerical model.  

 

Fig. 5.1 Predicted average in-plane normal stress in multilayer configuration (MMPI) 

Analytical solutions of the in-plane thermal stress developed up-till-now do not take into account 

the average intrinsic stress component. On reproducing average intrinsic stress of -2 GPa from 
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growth stress model [14] in all the TiN layers and intrinsic stress of 1 GPa in all the Ti layers, the 

resulting magnitude of the in-plane stress is shown by square dots in Fig. 5.1. From the plot, it 

seems that final stress increased in uniform manner by just superimposing on the thermal stress. 

However, the stress magnitude is not just the addition rather it is slightly less under the influence of 

intrinsic stress imposed on Ti interlayers. It is also noted (Fig. 5.1) that stress peak in Ti layer 

changed from compressive to tensile. The stress in each layer is an average value because only 

elastic analysis was performed in the present studies and results are compared with the exact 

analytical solution. Therefore, final stress state is under combined effect of the average intrinsic 

stress and thermal stress. Of course during optimization, average thickness dependent intrinsic 

stress in each TiN layer was reproduced while constant intrinsic stress was imposed on all the Ti 

layers.  

The results of the finite element modelling of the interfacial axial stress (under the influence of both 

thermal and intrinsic stresses) for bilayer (BL) and multilayer configuration (MMPI) in terms of 

stress profile through thickness of coating (from surface to few microns into substrate) with respect 

to Ti interlayer position is presented in Fig. 5.2. The axial stress along the node path corresponding 

to the model edge is also depicted in Fig. 5.2. As expected, out-of-plane (axial stress) stress showed 

a peak in TiN layer adjacent to substrate and obviously is zero at the free surface. Theoretically, it 

makes sense that maximum stress should be at interface between the coating and the substrate 

material. This seems due to large mismatch of the thermal expansion and the elastic modulus 

between TiN and substrate material. The Ti bond layer between TiN coating and substrate 

decreased the thermal and elastic modulus mismatch. As a result, interfacial stress decreased and 

adhesion improved. This observation is in accordance with the experimental studies in scientific 

literature [65]. Qualitative comparison of axial stress component (Fig. 5.2) in multilayer coating 

configuration (MMPI) and bilayer (BL) showed a difference of ≈ 16 %. The introduction of two Ti 

interlayers showed significant decrease in the interfacial axial stress.   
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Fig. 5.2 Qualitative comparison of predicted shear stress in model BL in comparison with model 

MMPI 

The in-plane shear stress in the bilayer (BL) and multilayer configurations (MMPI) was found far 

less than other stress components such as axial stress (out-of-plane) and in-plane stress along the 

same path (Fig. 5.3). Maximum shear stress was at interface between the TiN and Ti bond layer 

close to the substrate and peak of maximum slightly shifted towards Ti bond layer which could 

affect adhesion adversely. For bilayer, stress reversal (from compressive to tensile) took place only 

at interface. However, in multilayer stress reversal took place at each of the interface. In multilayer 

(MMPI), there are two peaks at each of the interface. Ti interlayer at each of interface caused tensile 

stress due to tensile intrinsic stress in interlayers. Similarly bond layer having tensile intrinsic stress 

of 1 GPa caused maximum tensile shear stress in the Ti bond layer, depending on ideal elastic-

plastic properties of Ti layers assumed in this study.  
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Fig. 5.3 Qualitative comparison of predicted normal to surface stress in model BL in comparison 

with model MMPI 

5.1.2 Residual stress optimization in multilayer coating configuration  

Based on axial stress profile in multilayer configuration MMPI (Fig. 5.2), which is not symmetric 

as maximum magnitude is in TiN layer close to the substrate; three types of optimization run were 

performed. During the first optimization, only the thickness of Ti interlayers and bond layer were 

changed to see that which Ti layer thickness effectively decrease the axial interfacial stress. The 

optimization iteration results are shown in Table 5.1. The optimization iteration mimics the stress 

profile of MMPI is shown in the Fig. 5.2. All the iterations in Table 1 showed a decrease in 

maximum stress value. However, iteration No. 7 showed higher decrease in axial stress probably 

due to increased Ti quantity from top towards the coating substrate interface. It is clear from the 

axial stress profile as well as from the iteration results (Table 5.1) that Ti bond layer and the first Ti 

interlayer thickness are most effective to decrease the stress. The axial stress profile (from surface 

Interlayers

Interface

Substrate
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of coating to coating-substrate interface) in both the BL and MMPI remained almost similar up to 

the second Ti interlayer (Fig. 5.2). 

Table 5.1 Iteration results of multilayer MMPI under Ti interlayer thickness variation 

It. No Axial stress  (OBJ) 
(MPa) 

Ti interlayer thickness (DV) 
(nm) Total Ti Thickness 

(nm) 
Bond 1st 2nd 

1 530 60 60 60 180 
2 510 69 78 93 240 
3 467 80 81 87 248 
4 497 73 60 93 226 
5 460 83 91 72 246 
6 444 95 96 96 287 
7 435 99 98 70 295 

From the first hand observation, the second optimization run was performed in which only the 

thickness of all the TiN layers were changed within fixed Ti interlayer thickness; this only changed 

the position of Ti interlayer compared with the middle position of Ti interlayer MMPI. The 

thickness of all the TiN layers was changed within the fixed total thickness of all the TiN layers. By 

changing the position of Ti interlayers, a significant decrease in the interfacial axial stress was 

recorded (Fig. 5.3). The decrease in stress was ≈ 10 % compared with multilayer configuration in 

which all the TiN layers have equal thickness; however, it is significantly decreased in comparison 

with bi-layer. The optimization iteration results are shown in Table 5.2. 

Table 5.2 Optimization iteration results for multilayer with optimal position of inter-layer (MOPI) 

 

 

 

 

Minimum axial stress was recorded in optimization iterations number six (Table 1.2). It corresponds 

to the decrease in thickness of TiN layer (1st TiN layer) close to substrate and an increase in 

It. No Axial stress (OBJ) 
(MPa) 

TiN layers thickness (DV) 
(nm) Total TiN Thickness 

(nm) First Middle Top 

1 530 800 800 800 2400 
2 480 730 900 900 2530 
3 570 810 760 1300 2870 
4 620 730 500 1400 2630 
5 800 500 900 1000 2400 
6 430 570 725 1100 2400 
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thickness of top TiN layer. However, according to iteration number five, thickness dependent 

intrinsic stresses put a cap on the thickness of TiN first layer. While comparing iteration number 

two and six, decrease in thickness of the second TiN layer also could also has induced a decrease in 

the axial stress.  

The third optimization with the combination of the first and second optimization was performed in 

which thickness of both Ti and TiN layers were changed and named it as MOTI. A decrease of ≈ 25 

% in the axial stress was observed with an increase of ≈ 4 % relative quantity of Ti in the 

multilayer. With further increase in Ti interlayer thickness and a decrease in the TiN layer thickness 

within the specified final thickness, thickness dependent residual stress involved that perhaps also 

limited the optimization and increased in the Ti layer thickness but is practicably unacceptable. 

Optimization iteration results in terms of layer thickness and its influence on axial stress are shown 

in Table 5.3. 

Table 5.3  Optimization iteration results for optimal position and thickness of interlayer (MOTI) 

Finite element results showed that axial stress at radial free edge played a major role in the 

optimization of Ti and TiN thickness in multilayer configurations. The decrease in stress is much 

effective in case of model MOPI (Fig. 5.4). However, in case of model MOTI, an increase in 

thickness of intermediate Ti interlayer and interlayer between the coating-substrate interface lead to 

a much more effective decrease in stress peak probably by elastic deformation of less stiff Ti layers 

while Ti interlayer close to top surface remained ineffective. It was found that axial stress was 

distributed similarly in all the configurations (bilayer and multilayer), but the peak value of stress 

It. No Axial stress (OBJ) 
(MPa) 

Optimal thickness of Ti interlayers and TiN layers (DV) 
(nm) 

Bond layer 1st TiN 1st Ti 2nd TiN 2nd Ti Top TiN 

1 530 60 800 60 800 60 800 
2 540 85 847 76 876 85 1135 
3 581 83 896 72 904 60 1135 
4 458 99 764 64 825 62 1021 
5 465 92 738 82 1100 66 973 
6 373 120 650 82 610 60 1120 
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varied from one configuration to another. The peak value was significant to enhance crack 

propagation from the edge, along the interface or within the TiN close to the interface [38]. 

 

Fig.  5.4  Qualitative comparison of predicted normal to surface stress profile in two models of 

multilayer configurations, MOPI and MOTI in comparison with model MMPI. 

Since, the comparison of these out-of-plane stress component with the experimental measurements 

involved synchrotron nano-beam stress analysis  [66]. However, qualitative comparisons (Fig. 5.4) 

sufficiently show different residual stress level in the different multilayer configurations. The 

optimization of multilayer configurations involved a decrease in only the axial stress component at 

the edge of model. As a result, it seems possible that other stress components such as in-plane shear 

and in-plane residual stress might increase. Therefore, as a monitoring check, in-plane shear stress 

was analysed during the finite element calculations along the same path and in-plane residual stress 

was experimentally investigated with X-ray diffraction. In order to make sure that minimization of 

axial stress component might not increase other stress components; multilayer configurations were 
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simulated for evaluation of average in-plane shear stress component along the same paths. A 

decrease of few MPa in in-plane shear stress was observed as compared with the starting multi-

layer configuration (MMPI). The increase in Ti interlayer thickness decrease the shear stress level 

but not very significant decrease was recorded as in case of MOTI (Fig. 5.5) as the flexible Ti bond 

layer between TiN coating and steel was used to increase the adhesion by reducing the shear stress 

[26, 27].  

 

Fig. 5.5 Qualitative comparison of predicted in-plane shear stress profile in two models of 

multilayer configurations, MOPI and MOTI in comparison with model MMPI. 

Finally, for the production and characterization, the two optimal configurations in comparison with 

BL and MMPI are described in terms of individual layer thickness (thickness of layers is always 

starting from top layer): 

Interlayers
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Substrate
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iii. Model type of bilayer “BL” (single layer of 2.55 μm thickness and Ti interlayer of 0.05 μm 

thickness); 

iv. Model type multilayer with middle position of Ti interlayer “MMPI” (three TiN layers each of 

0.80 µm thickness and three interlayer of Ti each of 0.06 µm thicknes).  

v. Model type “MOPI”: Multilayer with optimal position of Ti interlayers (three TiN layers of 

thickness 1.10, 0.73 and 0.57 µm, and three interlayer of Ti having equal and similar thickness 

to model type MMPI); 

vi. Model type “MOTI”: Multilayer with optimal position and thickness of Ti interlayers (three TiN 

layers of 1.10, 0.60 and 0.64 µm thicknesses, and three interlayer of Ti having thickness of 0.06, 

0.08 and 0.12 µm). 

5.1.3 Conclusions 

Finite element analyses in conjunction with optimization technique was used to design a six-layer 

Ti-TiN multi-layer coating architecture for optimal layer thickness in order to decrease the 

interfacial stresses which mostly affect the coating adhesion. The findings help to main conclusions 

as:  

 The interposition of a ductile Ti interlayer always involved a decrease in the predicted 

interfacial residual stress peak (axial stress component);  

 The effectiveness of this Ti layer was strongly influenced by its position and followed by its 

thickness; 

 The interfacial axial peak stress was relieved by ≈ 10 % by changing position of Ti 

interlayers.  

 The interfacial axial peak stress was relieved by ≈ 25 % by increasing relative quantity of Ti 

by ≈ 4 % in relation to multilayer with middle position of interlayers.   
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5.2      Influence of Ti-TiN Multilayer Coating Design on Mechanical 

             Properties and Scratch Adhesion 
In this section, experimental results of the coatings produced based on FEM optimizations are 

presented. The morphological characterization including individual layer thickness and the presence 

of columnar structure was examined using the FIB. Mechanical response of multilayer is recorded 

using nanoindentation testing to investigate the stiffness and hardness in comparison with bilayer. 

Finally, the influence of multilayer coating design on the practical scratch adhesion is investigated.  

5.2.1 Focused ion beam thickness evaluation 

After deposition, the thickness of individual layer in multilayer and presence of Ti interlayer was 

observed with focus ion beam (FIB) cross-section measurements (Fig. 5.6).  

 
Fig. 5.6  The FIB cross-section observation (30 kV, ETD, 65000x in all cases): (a) sample BL, (b) 

sample MMPI, (c) sample MOPI, (d) sample MOTI. Columnar structure and presence of Ti layer is 

clearly visible. 

The sample MOTI (multilayer with optimal thickness of interlayer) showed slightly less overall 

thickness. Individual TiN layers and Ti interlayer thickness remained within the range of ± 50 nm 
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and ± 10 nm, respectively. All the samples show columnar growth in all the TiN layers. However, 

layers close to substrate showed a dense growth of columns which could result in relatively higher 

stress in the layer. It is not possible to interpret the microstructure of Ti thin films with models 

reviewed in the Literature Review Chapter.  

5.2.1 Nanoindentation testing 

Results of indentation test in bilayer and different multilayer configurations on stainless steel 

substrate are presented in Fig. 5.7. An increase in hardness at shallow displacement resulted from 

surface roughness. The difference in hardness and modulus between bilayer and multilayers is due 

to more measurements are performed on bilayer sample in comparison with multilayer samples. For 

penetration depth of 100 nm multilayer configuration showed slightly higher hardness than that of 

bilayer but it remained within limits of standard deviation. By taking penetration depth of 150 nm 

(penetration depth less than one-tenth of coating thickness) multilayer with middle position of 

interlayer slightly decrease its hardness in comparison with bilayer configurations. The difference in 

hardness between the remaining two multilayer configurations appeared most probably due to Ti 

quantity.   

The nanoindentation modulus for coating configurations is shown in Fig. 5.7b. The values were 

derived from the continuous stiffness measurements mode. The effective modulus values of 

multilayers decreased with increasing displacement into coated system. The hardness and modulus 

remained more stabilized at penetration depth of 100 nm.  

The results showed that hardness and modulus of multilayer configuration remained unaffected by 

the addition of Ti interlayers, even by increasing the Ti thickness up to 120 nm (Ti bond layer)  and 

intermediate Ti layer (80 nm) in this study. 
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Fig.  5.7 Intrinsic hardness and elastic modulus of bilayer and multilayer configurations 
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5.2.3 Scratch adhesion testing 

5.2.3.1 Standard scratch test with indenter of radius 200 μm  

The scratch test with standard indenter of radius 200 µm was performed for the evaluation of 

coating adhesion to the stainless steel substrate. The first critical failure in all the configurations was 

a semi-circular crack (cohesive failure) as a result of extensive deformation in the substrate (Fig. 

5.8). On comparing the difference in position of these cracks for critical load evaluation, the first 

visible crack in bilayer was ≈ 1 mm from starting point. However, in multilayer configuration 

having middle position of Ti layers (MMPI), it was at ≈ 2 mm. Also, tensile crack parallel to 

trailing edge of indenter on site of buckling failure was visible in multilayer configurations which 

showed that coatings were still fully adhered to the substrate [48].  

 

Fig. 5.8  Optical profilometer images at first critical (buckling cracks) failure in bilayer and 

multilayers: (a) Sample BL, (b) sample MMPI, (c) Sample MOPI, and (d) Sample MOTI. 

a b

c d
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It seems that radial cracks within and outside of scratch track most probably appeared due to the 

radial stress which is very  much higher and continuously increased at coating surface with deep 

penetration of indenter into the substrate. Further, when multilayer was compared with different 

optimal configurations, there was a slight difference in the first critical load between multilayer 

with middle position of interlayer (MMPI) and with optimal position of interlayer (MOPI). The 

trailing cracks beyond scratch track edges were similar to those observed by Salas et al. [67]. They 

attributed these cracks to be associated with relatively tough coatings and high adhesion. In their 

studies, the investigated coatings are deposited on aluminium die-casting dies made of tool steel 

grade H13. Even though the substrate has significantly higher hardness (HRC49), but the cracks 

showed that substrate was sufficiently ductile or coatings are tougher and had high adhesion. The 

crack morphology is presented here for comparison of crack mark morphology in the present 

studies (Table 5.5).  

Table 5.4 Scratch marks morphology  [67] 

 

Attar et.al [68] also attributed the extensive transverse cracking of coating on tool steel substrate 

with a  good adhesion of coating.  

The second critical load was recorded when chipping at scratch edge accompanied with partial  
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within scratch track was observed (Fig. 5.9). Chipping at scratch edge appeared mostly due to 

bending induced tensile stresses, which was relatively higher on the surface of coatings, at the 

border of scratch channel. Instead of having differences in normal load for this failure, large 

differences in chipping damage area between bilayer and multilayer were also prominent. This 

damage was sudden in bilayer. However, in multilayer it occurred with intermediate radial crack 

formation and crack extension beyond scratch channel which indicated toughening response of 

multilayer. As seen from images (Fig. 5.9) that less chipping damage, higher critical load and 

increase buckling crack beyond scratch edge indicated tougher response of multilayer. It seems that 

in response to better adhesion, the mechanical energy was dissipated by extensive transverse 

cracking and edge chipping accompanied with less delamination within the scratch track. In 

addition, it is further supported by the appearance of fine cracks within scratch track parallel to 

trailing edge of the indenter.   

 

a b

c d
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Fig. 5.9 Optical profilometer images at second critical (chipping at border with partial delamination 

inside scratch track) failure in bilayer and multilayers: (a) Sample BL, (b) Sample MMPI, (c) 

Sample MOPI, (d) Sample MOTI.  

Complete delamination failure (Fig. 5.10) in bilayer was chipping at scratch edge accompanied with 

adhesive failure (appearance of substrate or Ti layer) within scratch track. However, in MMPI, the 

substrate appeared when conformal cracking stage was finished. The multilayer with optimal 

thickness of interlayers (MOTI) showed smearing of Ti within the scratch track as was clear from 

the change of substrate colour from white to silver. Smearing of Ti within scratch track in MOPI 

and MOTI was visible showing higher adhesion. However, in MMPI, the change in color was 

slightly less [69]. In addition, the scratch track width was linearly proportional to the normal load in 

this stage (complete failure), which indicated that indenter was in direct contact with the substrate.  

 

Fig. 5.10 Optical profilometer images at complete delamination failure in bilayer and multilayers: 

(a) Sample BL, (b) Sample MMPI, (c) Sample MOPI, and (d) Sample MOTI.  

a b

c d
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Finally, the critical load at incident of failure in coating is shown in Fig. 5.11. An increase in the 

multilayer coatings, first and second critical load was found to be 50 and 7 %, respectively in 

relation to the bilayer. When multilayer was compared with different configurations, an optimal 

position of the interlayer and optimal thickness of all the layers showed an increase of 11 % for the 

LC1, and 13, 31 %, respectively for the LC2. However, there was a large variation in the third critical 

failure load (LC3). This showed that since critical load was gradually increased, owing to which 

most of the load was dissipated to produce deformation in the substrate.  

 

Fig.  5.11 Critical scratch loads in bilayer and multilayer configurations. 

The above discussion on the results clearly indicated that standard scratch testing procedure using 

larger indenter radius for compliant material, like stainless steel, the depth of deformation was deep 

into the substrate as a result stress was generated at trailing edge of indenter. The ceramic coating 

being brittle was sensitive to tensile stress. The observed chipping and cracking seems the resulted 

failure without any knowledge about coating properties, like adhesion. In order to better evaluate 
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the practical coating adhesion, which clearly showed adhesive failure, the scratch tests with indenter 

of radius 100 µm were performed and results are described in the next section 5.2.3.2. 

5.2.3.2  Scratch test with indenter of radius 100 μm  

The failure modes associate with 200 µm indenter radius indicated that coating failure mechanism 

are cohesive one and does not involved the detachment at the coating substrate interface. Therefore, 

the scratch test with indenter of radius 100 µm was performed using the loading parameters 

described in Chapter Experimental Details. The chipping failures observed with 100 µm indenter 

were adhesive compared to those with 200 µm indenter. The adhesive failures at the first critical 

adhesive load (LC1) are shown in Fig. 5.12a. The adhesive failure in all the coating configurations 

was semi-circular cracks probably due to buckling inside the scratch track accompanied with the 

first delamination within and close to the edge of scratch track. It is commonly occurring failure in 

hard coating on compliant substrate like stainless steel [70].  

 

a b

c d
4N 6N

7N 8N
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Fig. 5.12 Optical profilometer images at first delamination failure (partial appearance of substrate) 

in bi-layer and multilayers: (a) Sample BL, (b) Sample MMPI, (c) Sample MOPI, and (d)  Sample 

MOTI. 

The amount of spallation remained higher close to scratch border and continued until final 

delamination occurred in the bilayer (Fig. 5.12a). In the multilayer, it occurred with intermediate 

conformal cracking. It seems that thicker TiN ceramic layer in bilayer was responsible for 

continuous spallation of coating at relatively lower critical scratch load as shown in Fig. 5.12a 

where the white region of track is substrate. However, multilayer configurations with ductile 

interlayers absorbed more energy; consequently spallation took place at significantly high critical 

scratch load and remained confined within the scratch track.    

Besides spallation within the scratch track, Fig. 5.12 and Fig. 5.13 showed that fine tensile cracks 

(semicircular crack parallel to trailing edge of indenter) on the site of buckling failure which are 

predominant in multilayer configurations that reflect coating was still adhered to the substrate. 

These cracks occurred mostly as a result of equilibrium between tensile frictional forces on trailing 

edge of indenter and compressive frictional force ahead of indenter [48]. This could be due to high 

friction stress involved by the presence of Ti interlayer with the indenter [69]. It can also be 

reasonably justified through that indenter at this stage is not fully in-contact with the substrate and 

the variation in load sufficiently reflect different coating behaviour. Also, it is expected that critical 

load in multilayer might be affected by the friction between Ti and diamond indenter. Specifically, 

the MOTI configuration showed the smearing of Ti along the scratch track due to its high adhesion. 

In addition, until complete delamination stage reached, buckle fracture segments in multilayer 

coatings remained more stable which also showed relatively good adhesion as comparison with 

those in the bilayer and is evident from Fig. 5.13 (a-d).  
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Fig. 5.13 Images with optical profilometer at complete delamination failure (semicircular 

appearance of substrate) in bi-layer and multilayers: (a) Sample BL, (b) Sample MMPI, (c) Sample 

MOPI, and (d) Sample MOTI.  

The adhesion of coatings in relation to critical adhesive load at incident of failure is shown in Fig. 

5.14. An enhancement in the multilayer, first and second critical adhesive loads were found to be ≈ 

50, 22 %, respectively that for the bilayer. When multilayer was compared with different 

configurations, an optimal position of the interlayer and optimal thickness of interlayer showed an 

improvement of ≈ 16 % for the LC1, and ≈ 18 % and 27 %, respectively for the LC2. 

a b

c d
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Fig.  5.14 Critical scratch loads in bilayer and multilayer configurations. 

5.2.3.3   Analytical description of adhesive and cohesive failures  

To further illustrate and characterize the adhesive and cohesive failures in coatings, the position of 

von-Mises stress relative to coating-substrate interface and the maximum normal stresses on trailing 

edge of scratch indenter at the incident of critical failure load were simulated with analytical 

modelling software package FilmDoctor® [43, 71]. This Analytical simulation was performed at the 

critical failure load determined with the real scratch test.  

It was found that indenter with tip radius of 100 µm the position of maximum von-Mises stress was 

at the interface which was assumed responsible to produce the adhesive failure. However, as the 

critical scratch load was increased for larger indenter tip radius (200 µm), the resulting failures were 

cracks beyond scratch edges (cohesive failures). Because the position of the maximum von-Mises 

stress at critical failure load shifted deep into the substrate and probably most of the load was used 

to produce deformation in the substrate. As a result, sufficiently high bending induced tensile 

stresses on the sides of scratch track reached the critical cohesive strength of TiN which perhaps 
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caused failure. However, critical failure load with a smaller indenter tip radius (100 µm) was found 

lower and plastic flow increased and shifted to the substrate surface region. In Fig. 5.15, screen shot 

of analytical model with indenter size is shown. The virtual coating-substrate interface was 

indicated by white dash lines and black dot marks the position of the maximum von-Mises stress 

(Fig. 5.15 a and c). A good agreement was found between the adhesive failure and position of von-

Mises stress. As indicated by red circle on scratch failure and position of von-Mises stress.  

In multilayer, the critical scratch load was sufficiently high (Fig. 5.14), for which the simulated 

(with FilmDoctor®) maximum von-Mises stress shifted more deep into the substrate. However, von-

Mises stress close to interface was considerably high enough to cause the delamination within the 

scratch track. This indicates relatively high adhesion of multilayers compared with that of the bi-

layer.  

 
Fig.  5.15  Simulated position of von-Mises stress in bilayer with the critical scratch load (LC1) 

along with critical failure mode: (a) With 100 µm indenter radius, (b) Optical profilometer image at 

200 µm

4N
100 µm
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6Nc
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the incident of critical failure, (c) With 200 µm indenter radius, and (d) Optical profilometer image 

at the incident of critical failure. 

From the analytical analysis, it was concluded that perhaps the shallow position of the maximum 

von-Mises stress was responsible for adhesive failure. Thus analytical description of scratch test for 

the evaluation of coating adhesion to the compliant substrate seems an efficient way for the 

selection of the indenter tip radius that will contribute to decrease the experimental time and 

resources.    

5.2.4 Conclusions 

An analytical description of scratch test provided comprehensive interpretation of observed failure 

and demonstrated its importance in order to accurately estimate specific coating properties such as 

practical adhesion. Considering the experimental results of scratch adhesion testing with 100 µm, it 

was concluded that multilayer showed significant improvement by 22 % in the first critical adhesive 

load. The multilayer with optimal position of interlayer showed improvement by 18 % and the best 

configuration with optimal thickness of interlayer showed 27 % increase in the critical adhesive 

load. With an introduction of two interlayers, the stiffness and hardness of all the multilayer 

configurations remained equivalent to the bilayer as recorded in nanoindentation results. 
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5.3 Influence of Ti-TiN Multilayer Coating Design on In-Plane Residual 
       Stresses 
It is indicated in the section 5.1 of this chapter that thickness of each layer in the multilayer coating 

has been optimized with FEM for the decrease in only axial stress component, it is possible that in-

plane stress in the resultant coating might have increased. For this, it was planned to measure the in-

plane stress with Wafer Curvature Method [72-74] and X-ray diffraction and FIB-DIC method. 

Unfortunately, coating has not been deposited on the silicon wafer, when it was put with the 

stainless steel substrate into the deposition chamber. After that, there were only two options left for 

the measurement of in-plane residual stress in the stress-optimized multilayer coatings. This section 

summarizes the results of intrinsic residual stress assessment with x-ray diffraction method. 

5.3.1 X-ray diffraction residual stress analysis 

In the Experimental Details Chapter, the critical issues related to the quantitative measurement of 

residual stress have been indicated. Here only qualitative comparison of the in-plane residual stress 

in bilayer and three multilayer configurations is presented. For this grazing-incidence, X-ray 

diffractograms taken under the same acquisition parameters were shown in Fig. 5.16. The 

diffraction patterns were smooth and shifted vertically for clarity. It is reasonable to consider that all 

the coatings were in compressive residual stress because magnetron sputtering deposition with bias 

on the substrate only induced the compressive stress in coating. The difference in peak position of 

bilayer and multilayer configurations diffractogram were primarily due to difference in residual 

stress. Considering X-ray diffractogram analyses, the high angle diffraction peak (511) in bilayer 

shifted to lower 2θ angle compared with multilayer sample MMPI which showed that BL sample 

has higher residual stress. The multilayer samples MMPI and MOPI almost have similar peak 

position and MOTI diffractogram shifted towards higher angle showing lower residual stress among 

all the multilayer configurations. 
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5.16  Grazing incidence X-ray diffractorgram of the bilayer and multilayer configurations  

Considering the X-ray diffractorgram analyses, the bilayer (sample BL) has the highest in-plane 

residual stress among all the multilayer configurations (samples MMPI, MOPI and MOTI). The 

introduction of two interlayers significantly controlled the residual stress to improve the critical 

adhesive load. In addition, these results are also supported by the FIB cross-section analyses 

presented in Fig. 5.6 that showed columnar growth structure of PVD TiN layers which terminated 

with Ti interlayer in the multilayer configurations. This could be one of the main reasons of 

decreased residual stress and improved adhesion of multilayer configurations. 

It was also noted that the expected penetration depth of X-rays at the selected grazing angle seems 

less than one micron. As a result, shift in peak seems to be related with the stress level in topmost 

coating area where open columnar structure was seen in FIB images (Fig. 5.6).  

5.3.2 Conclusions 

Concerning the in-plane XRD-residual stress analysis, the multilayer with optimal thickness of all 

layers has lower residual stresses and bilayer has higher stress. However, the multilayer with 

optimal position of interlayer has intermediate residual stress level.  
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Chapter 6 SUMMARY AND OUTLOOK 

The work presented in this thesis is primarily focused on the design, development and 

characterization of stress-optimized multilayer PVD-coatings. The thickness of individual layers in 

Ti-TiN multilayer coating system comprising of six layers has been optimized for the optimal 

interfacial stress conditions using Finite Element Modelling (FEM). The interfacial stresses induced 

by the thermal and the intrinsic stresses have been taken into account. The optimization of 

multilayer coating configuration in terms of interlayer position and individual layer thickness has 

significantly decreased the interface stresses, which could improve coating adhesion to the 

substrate. 

The multilayer coating design optimization, considerations were demonstrated through 

experimental investigations for the influence on adhesion, hardness and in-plane residual stress. 

Individual layer thickness of produced coatings comparable to the FEM based design was 

confirmed using focused ion beam. An improvement in adhesion was investigated through scratch 

test and influence on the hardness, modulus with nanoindentation. Analytical description of failure 

modes in scratch test was demonstrated with analytical software package FilmDoctor® that ensured 

accurate measurement of coating adhesion to the substrate. The in-plane residual stress in different 

multilayer configurations were qualitatively compared using x-ray diffraction. Not only adhesion 

other factors such as overall mechanical performance and in-plane residual stresses were also 

considered at the same time.      

Multilayer coating configuration having middle positions of Ti interlayers in comparison with the 

bi-layer showed an improvement in scratch adhesion, decreased in in-plane residual stress without a 

decrease in mechanical performance such as hardness and modulus. When multilayer coating with 

middle positions of the Ti interlayer configuration was further compared with optimal position of 

interlayer configurations, a significant improvement is scratch adhesion, decrease in in-plane 

residual stress with comparable mechanical properties. Finally, the best coating configuration 
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having optimal thickness of all the layers showed much more improvement in scratch adhesion and 

reduction in in-plane residual stress without deterioration of coating stiffness response.  

6.1 Original contribution to the scientific community 

The original contributions of the present studies could be summarized as:  

 A method of stress-optimization for multilayer hard coating has been developed using 

ANSYS finite element package. The method is useful for optimizing the interfacial stress 

(out-of-plane stress) particularly for the improvement of coating adhesion and in general for 

controlling the in-plane residual stress. It could be applied for any kind of coating and 

substrate material if the material properties and thickness dependent intrinsic stress profile is 

known.  

 Guidelines for the optimization of coating/substrate adhesion by using analytical modelling 

of contact stresses are given, with specific focus on hard coatings; 

 One new coating system has been produced, basing on the results of both FEM and 

analytical modelling activities;  

 An innovative multi-technique characterization has been used for coating evaluation, based 

on the combined use of Focused Ion Beam microscopy, including residual stress analysis, 

nanoindentation experiments and scratch testing.  

 The research has been published in international peer reviewed journal [1] (Materials & 

Design, Elsevier, Impact Factor 3.2) and presented at international conference and 

symposium [2], with publication of related peer reviewed proceedings. The presentations 

have gained interests from the audience and conference organizers.  

6.2 Suggestions for future research  

During the current research work, a few avenues have been opened which could be exploited for 

future research. These include:  
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i. The interfacial stress-optimization tools developed in the present studies could be coupled 

with cohesive zone finite element modelling (ANSYS damage module) to further optimize 

the multilayer coating architecture by taking into account also the service loading effects.  

ii. The stress-optimization tools could provide the analytical description of coating failures at 

edges, corners and topographical irregularities of engineering components. In addition it 

could also help to find the optimal thickness of coatings at the location of engineering 

features (holes, ribs and chamfer.etc) as long as the material properties and process induced 

residual stresses are known.    
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APPENDIX-A. ANSYS Input File for Interfacial Stress-optimization 
/com, author 

/com, Rali 

/com, University of Roma Tre 

/com, Interfacial stress-optimization 

FINISH 

/CLEAR 

/prep7 

/Units,Si 

T_dep = 300 + 273 ! Deposition Temperature (673) 

t_amb = 25 + 273 ! Ambient Temperature (298) 

/ com, **** Materials Properties of stainless steel *** 

mp, nuxy, 1, 0.30             

 mp, ex, 1, 203E9 

 tb,miso,1,2,4 

 tbtemp, t_amb 

 tbpt, , 0.002, 406E6 

 tbpt, , 0.003, 609E6 

 / com, **** layers of Ti *** 

mp, nuxy, 2, 0.32           ! Invoke Mechanical Properties of Ti 

mp, ex, 2, 116E9 

tb,miso, 2,2,4    

tbtemp, t_amb 

tbpt, , 0.002, 232E6 

tbpt, , 0.025, 232E6 

tbpt, , 0.05, 232E6 

tbpt, , 0.1, 232E6 

tbtemp, t_dep 

tbpt, , 0.002, 232E6 

tbpt, , 0.025, 232E6 
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tbpt, , 0.05, 232E6 

tbpt, , 0.1, 232E6 

mp, c, 2, 528    

mp, kxx,2, 17    

mp, alpx, 2, 9e-6  

mp, reft, 2, T_dep    

/ com, **** layers of TiN *** 

mp, ex, 3, 600e9           ! recalls the properties of TiN_1 

mp, nuxy, 3, 0.25 

mp, c, 3, 528 

mp, kxx, 3, 19 

mp, alpx, 3, 9.40e-6 

mp, reft, 3, T_dep 

mp, ex, 4, 600e9           ! recalls the properties of TiN_2 

mp, nuxy, 4, 0.25 

mp, c, 4, 528 

mp, kxx, 4, 19 

mp, alpx, 4, 9.40e-6 

mp, reft, 4, T_dep 

mp, ex, 5, 600e9           ! recalls the properties of TiN_3 

mp, nuxy, 5, 0.25 

mp, c, 5, 528 

mp, kxx, 5, 19 

mp, alpx, 5, 9.40e-6 

mp, reft, 5, T_dep 

/ com, **** coating layers *** 

n_Ti = 3    

n_TiN = n_Ti     

n_tot = n_Ti + n_TiN   

/ com, Geometry and mesh **** **** 

/ com, thermal and structural elements **** **** 
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ET, 1, PLANE77                ! 2D planar mesh heating elements 

keyopt,1,3,1 

/ com, geometry parameters 

re = 300e-6   ! outer radius of the disc 

th_sub = 300e-6   ! thickness of the disc 

w = 50e-6   ! disk depth 

TiN_1 = 0.800e-6  ! Thickness of 1st layer of TiN (1.5 micron) 

TiN_2 = 0.800e-6 

TiN_3 = 0.800e-6               ! Thickness of 2nd layer of TiN (1.5 micron) 

Ti_bond = 0.060e-6  ! Thickness of Bond layer (50 nm) 

Ti_Buffer_1 = 0.060e-6 

Ti_Buffer_2 = 0.060e-6 

T_Thi = 2*TI_BUFFER_1 + Ti_Bond + TIN_1 + TIN_2 + TiN_3 

rectng, 0, re, 0, th_sub         

rectng, 0, re, th_sub, th_sub + TI_BOND   

rectng, 0, re, th_sub + TI_BOND, th_sub + TI_BOND + TIN_1 

rectng, 0, re, th_sub + TI_BOND + TIN_1, th_sub + TI_BOND + TIN_1 + Ti_Buffer_1 

rectng, 0, re, th_sub + TI_BOND + TIN_1 + Ti_Buffer_1 , th_sub +   TI_BOND + TIN_1 + Ti_Buffer_1 + TIN_2                

rectng, 0, re, th_sub + TI_BOND + TIN_1 + Ti_Buffer_1 + TIN_2 , th_sub + TI_BOND + TIN_1 + Ti_Buffer_1 + 
TIN_2 + TI_Buffer_2 

rectng, 0, re, th_sub + TI_BOND + TIN_1 + Ti_Buffer_1 + TIN_2 + TI_Buffer_2,th_sub + TI_BOND + TIN_1 + 
Ti_Buffer_1 + TIN_2 + TI_Buffer_2 + TiN_3 

nummrg,kp,1e-9 

numcmp,line                

/ com, **** attribution of elements and materials to areas **** 

asel, s, , , 1   ! steel 

aatt, 1, , 1 

allsel 

asel, s, , , 2   !bond layer 

asel, A, , , 4   !Ti_Buffer_1 

asel, A, , , 6   !Ti_Buffer_2 
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aatt, 2, , 1 

allsel 

asel, s, , , 3   !Coating of TiN 1st layer 

asel, A, , , 5   !Coating of TiN 2nd layer 

asel, A, , , 7   !Coating of TiN 3rd layer 

aatt, 3, , 1 

allsel 

/ com, parameters of the mesh ***** ***** 

etin = 12   ! elements in which the thickness of the Titanium Nitride layers are divided 

ebond = 3   ! elements in which the thickness of bond layer is divided 

eti = 3    ! elements in which the thickness of titanium layers are divided 

eacc = 150   ! elements in which the thickness of the steel is divided            

oriz = 300   ! elements within the inner region leaving edges 

racc = 25   ! rate of mesh thickening of in the steel 

incr = 2                 ! rate of mesh thickening at interface 

base = 8 

/com,****mesh**** 

lesize, 3, , , oriz 

lesize, 4, , , eacc, racc  

lesize, 1, , , base                 

lesize, 2, , , eacc, 1/racc  

lesize, 5, , , ebond 

lesize, 7, , , ebond 

*do, j, 3, (n_tot+1)*3,3     

     lesize, j, , , oriz      

*enddo 

*do, j, 10, (n_tot+1)*3+1,6   

 lesize, j, , , etin     

 lesize, j-2, , , etin   

*enddo 

*do, j, 13, (n_tot+1)*3-2, 6    
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 lesize, j, , , eti     

 lesize, j-2, , , eti     

*enddo 

aglue,all 

amesh,all 

nummrg,all,1e-9 

/com,****SOLVER***** 

 antype,0 

 csys, 0 

/com,****Porto tutto a 400 °C**** 

 antype,static 

 nropt,full 

 outres,all 

/prep7 

 ddele,all 

 d,all,temp,t_amb             ! imposes finally the ambient temperature 

/solu 

     solve 

/ com, change in structural elements **** **** 

/prep7 

etchg 

*IF,TiN_1,GE,0.800e-6,Then   

esel,s,mat,,3 

inistate,set,mat,3  

inistate,define,,all,,,-3.30e9,,-3.30e9,,,  

*endif 

allsel 

*IF,TiN_2,GE,0.800e-6,Then   

esel,s,mat,,4 

inistate,set,mat,4  

inistate,define,,all,,,-3.30e9,,-3.30e9,,,  
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*endif 

allsel 

*IF,TiN_3,GE,0.800e-6,Then   

esel,s,mat,,5 

inistate,set,mat,5  

inistate,define,,all,,,-3.30e9,,-3.30e9,,,  

*endif 

allsel 

esel,s,mat,,2 

inistate,set,mat,2  

inistate,define,,all,,,1e9,,1e9,,,     

allsel 

/solu 

NSEL,S,LOC,Y,0     

D,All,Uy,0 

allsel 

antype,static 

nropt,full    

nlgeom,on    

neqit,400    

cnvtol,u,1e-2      

outres,all,all     

ldread,temp,1,,,,,rth    

TREF,T_dep  

solve 

!!********** Optimization of Sy**************** 

/POST1 

NSEL,all      

NSEL,s,loc,y,300e-6,303.250E-6   

/com,****Retrieve the results parametrically and set the state variables and objective function parameters**** 

/POST1    
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NSORT,S,Y     

*GET,SY,SORT, ,Max  !defines max. stress for optimization routine 

Lsel,s,line,,7,22,3  !All layers are included 

/prep7 

LSUM 

ALLSEL 

*GET,T_Th,Line,,LENG   ! *Get stor model or result information into parameters 

LGWRITE,Ti-TiN,txt,C:\Users\administrator\ 

!LGWRITE,Ti-TiN,txt,C:\Users\Rashid\ 

/com,****Establish parameters**** 

/OPT  

/com,****Enter OPT and specify the analysis file****   

 OPANL,Ti-TiN,txt,C:\Users\administrator\  ! Assign optimize.txt as analysis file   

 !OPANL,Ti-TiN,txt,C:\Users\Rashid\ 

/com,****Declare optimization variables and begin the optimization process****   

 OPVAR,TIN_3,DV,0.500e-6,1e-6         

 OPVAR,TI_BUFFER_2,DV,0.060e-6,0.100e-6         

 OPVAR,TIN_2,DV,0.600e-6,1e-6         

 OPVAR,TI_BUFFER_1,DV,0.060e-6,0.100e-6 

 OPVAR,TIN_1,DV,0.500e-6,1e-6 

 OPVAR,TI_BOND,DV,0.06e-6,0.100e-6 

/com,****Declare limit to the design ,State variable (12)**** 

 OPVAR,T_Th,SV,3.0e-6,3.40E-6       

/com,****Define the objective that you are trying to optimize (13)**** 

 OPVAR,SY,OBJ          

/com,****Choose optimization tool or method (14)****  

 OPTYPE,SUBP       

/com,****Controls for sub-problem optimization****  

 OPFRST,,,5     ! OPFRST, NITR, SIZE, DELT 

 OPPRNT,FULL     ! Activates detailed optimization summary printout. 

/com,****Run the optimization (15)**** 



94 
 

 OPEXE          ! Run optimization   

/com,**** Review the results from the 10 iterations (16)**** 

OPLIST,ALL,,0 

 

 


