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Abstract 

This work was carried out to study the stress transfer, evolution and damage mechanisms in 

thin brittle diamond films on ductile substrates, under applied load. In order to accomplish 

this, thin diamond film was deposited on pure-Ti, Ti-6Al-4V alloy and X46Cr13 steel 

substrates and in-situ tensile testing of the coated samples was carried out in scanning 

electron microscope (SEM) and µ-Raman spectrometer. With the in-situ tensile testing in 

SEM, the mechanism of cracking and delamination of brittle-film/ductile-substrate systems 

has been studied. This testing also allowed estimating the interfacial shear strength of the 

diamond film bonded to different substrates, using a modified shear lag model. Furthermore, 

the standard adhesion testing techniques like Rockwell C and scratch testing were applied on 

the coated samples to validate the adhesion strengths estimated with the shear lag method. 

The in-situ tensile testing in µ-Raman spectroscope enabled us to study the residual stress 

evolvement in hard diamond films on ductile substrates under applied tensile strain, 

estimating also the fracture strength of the film. Furthermore, after fragmentation of the film, 

the stress distribution and evolution in small cracked coating segments under substrate’s 

deformation was elucidated. Loading-unloading in-situ tensile tests in µ-Raman allowed 

studying the evolvement of compressive residual stresses in the coating with plastic 

deformation of the substrate. The effects of the initial residual stress level in the film, and the 

substrate mechanical properties on the cracking, delamination and the stress transfer to the 

diamond film have also been studied. The residual stress analysis was complimented by a 

FIB-DIC (focused ion beam-digital image correlation) technique. The DIC method was 

applied on submicron sized rectangular geometries milled with FIB in the diamond film, and 

the residual stress was estimated. Furthermore, we have extended the classical shear lag 

model to derive the stress distribution in the coating bonded to the substrate, considering 

both residual stresses and cracking in the film, using a fracture criterion. The effect of the 

substrate plasticity on the evolvement of residual stress and on the cracking of the coating 

has also been introduced. Finite element (FE) modelling was carried out to develop a deeper 

understanding of the stress transfer and evolution mechanisms in the thin films under 

applied load. Furthermore, with FE-modelling the effects of different geometric and 

mechanical material parameters on the stress transfer to the film from the substrate, and its 

subsequent effects on the film damage behaviour have been studied. FE-modelling was also 

used to validate the results produced by FIB-DIC technique.    



With the in-situ µ-Raman investigations, the fracture strength of the CVD-diamond film is 

estimated to be ~1.5 GPa and it contains compressive residual stresses (e.g., ~−5.5 GPa in 

CVD-diamond on pure-Ti). The residual stress (in the diamond film) and the stress 

relaxation measured with FIB-DIC technique are in good agreement with the results of µ-

Raman spectroscopy, thus validating the FIB-DIC approach. The compressive residual stress 

in the film can be reduced by the application of uniaxial tensile strain. At higher strains, the 

compressive residual stress was transformed into the tensile regime and the cracks appeared 

in the film followed by a reduction in crack spacing and finally by the delamination. The 

stress distribution measured across different cracked coating segments using µ-Raman 

spectroscopy indicated tensile stress in the middle and compression near the edges of the 

segment under tensile load. Coating fragmentation leads to a relaxation of the stress within 

cracked coating segment. Further cracking of the smaller segments requires larger strains. 

The interfacial shear strengths estimated with the modified shear lag model were validated 

with the Rockwell C and the scratch testing methods thus indicated a successful application 

of the shear lag method for the adhesion assessment of brittle film/ductile substrate systems. 

The adhesion analyses have revealed that the diamond/Ti-6Al-4V alloy system has a better 

adhesion compared to all other systems. It is shown in this work that the classical shear lag 

model gives an overestimated value of the fracture strength of the film, when the film-

cracking occurs in the elastic-plastic regime of the substrate. Furthermore, the classical shear 

lag model does not explain so called edge effects of the cracked coating segment on the 

stress-transfer to the film and on the stress-distribution in the coating segments under applied 

load. The study of the effects of the mechanical parameters (especially with FE-modelling) 

have shown that with the increase in Young’s moduli of ‘the film and the substrate’, yield 

strength of the substrate and work hardening of the substrate; the stress transfer to the film 

from the substrate is increased per unit substrate tensile straining, thus leading to an early 

cracking of the film. Moreover, the stress transfer to the film in the elastic regime of the 

substrate is always higher than the elastic-plastic regime. It is also found that the high initial 

residual stress in the film can delay the film-cracking under the tensile load. The results 

produced with analytical and FE-modelling have nicely validated the experimental findings. 



Zusammenfassung 

In der vorliegenden Arbeit wurden sowohl Spannungstransfer, Spannungsevolution als auch 

Schädigungsmechanismen in dünnen Diamantfilmen auf unterschiedlichen duktilen Substraten 

unter anliegender Last untersucht. Hierzu wurden dünne Diamantschichten auf reinem Titan, 

auf der Titan Legierung Ti-6Al-4V und der Stahllegierung X46Cr13 abgeschieden und 

anschließend mittels in-situ Zugversuchen im Rasterelektronenmikroskop (REM) sowie im µ-

Raman Spektroskop untersucht. An Hand der in-situ Zugversuche im REM konnten die 

Mechanismen des Rissbildungs- und Delaminationsverhalten einer spröden Schicht auf einem 

duktilem Substrat aufgeklärt werden. Darüber hinaus erlaubte die gewählte Testmethode die 

Grenzflächenscherfestigkeit des Diamantfilms bezüglich der verschiedenen Substrate basierend 

auf einem ‚shear lag‘ Model zu bestimmen. Zwecks Validierung der aus der ‚shear lag‘ Methode 

gewonnen Scherfestigkeiten wurden ergänzend einige Standardverfahren wie Rockwell C und 

Ritzversuche an den Schichten durchgeführt. Die in-situ Zugversuche im Raman Spektroskop 

ließen die Untersuchung der Eigenspannungsentwicklung sowie die Abschätzung der 

Bruchfestigkeit in harten Filmen auf duktilen Substraten unter gegebener Zugdehnung zu. Des 

Weiteren wurden sowohl die Spannungsverteilung als auch die Spannungsentwicklung in 

kleinen Bruchsegmenten unter dem Einfluss von Substratverformungen näher beleuchtet. Die 

Aufprägung von Belastungs- und Entlastungszyklen während der in-situ Raman Spektroskopie 

ermöglicht die Untersuchung von Druckeigenspannungen in der Schicht auf einem plastisch 

verformten Substrat. Zusätzlich wurden der Einfluss von intrinsischen Eigenspannungen in der 

Schicht sowie der Einfluss der mechanischen Substrateigenschaften auf die Rissbildung und den 

Spannungstransfer untersucht. Die Eigenspannungen in der Schicht wurden mittels Raman 

Spektroskopie und FIB-DIC (Digitaler Bildkorrelation auf Basis von FIB, ‚focused ion beam‘ 

Aufnahmen) analysiert. An Hand der digitalen Bildkorrelation an submikrometergroßen, 

rechteckigen und im FIB zugeschnittenen Geometrien wurden jeweils Eigenspannungen 

abgeschätzt. Des Weiteren wurde das klassische, auf einem Bruchkriterium basierende ‚shear 

lag‘ Model, welches lediglich Eigenspannungen und Rissbildung in der Schicht berücksichtigt, 

erweitert. Die Erweiterung umfasst unter anderem den Einfluss der Substratplastizität auf die 

Eigenspannungsevolution und die Rissbildung in der Schicht. Die experimentellen 

Untersuchungen wurden durch Finite Elemente Simulationen ergänzt, welche auch eine 

Variation der  Geometrien und der Materialeigenschaften beinhalten. Die FE-Simulationen 

dienten auch dem Zweck die Ergebnisse aus der FIB-DIC zu validieren. 



An Hand der µ-Raman Untersuchung wurde die Bruchfestigkeit des CVD-Diamantfilms unter 

Berücksichtigung der Druckeigenspannungen auf etwa 1,5 GPa abgeschätzt. Die 

Eigenspannungen im Diamantfilm und die Spannungsrelaxation welche an Hand der FIB-DIC 

Methode gemessen wurden, zeigen eine gute Übereinstimmung mit den Ergebnissen aus der µ-

Raman Spektroskopie und bestätigen somit die FIB-DIC Methode. Die Druckeigenspannungen 

im Film können durch die Aufprägung einer einachsigen Zugdehnung reduziert werden. Bei 

stetiger Steigerung der Zugbelastung geht die Schicht in das Zugeigenspannungsregime über, so 

dass Risse, eine Reduzierung der Rissabstände und Delamination erfolgen. Die in der µ-Raman 

Spektroskopie gemessene Spannungsverteilung entlang verschiedener gebrochener 

Schichtsegmente offenbarte Zugspannungen in der Mitte und Druckspannungen am Rand der 

Segmente unter Zugbelastung. Die Schichtfragmentierung führt zu einer Spannungsrelaxation 

innerhalb des Schichtsegments. Eine weitere Fragmentierung der Segmente erfordert höhere 

Dehnungen. Die Grenzflächenfestigkeit, welche durch das ‚shear lag‘ Model abgeschätzt 

wurden, konnten durch Rockwell C und Ritztests bestätigt werden. Dies zeigt, dass sich die 

Ergebnisse von Adhäsionsmessungen an dem System Sprödschicht/duktiles Substrat durch das 

‚shear lag‘ Model erfolgreich beschreiben lassen. Die Adhäsionsmessungen zeigen, dass das 

System Diamant/Ti-6Al-4V im Vergleich zu allen anderen untersuchten Systemen die besten 

Hafteigenschaften besitzt. Es konnte gezeigt werden, das das klassische ‚shear lag‘ Model die 

Bruchfestigkeit des Films überschätzt, wenn die Rissinitiierung im elastisch-plastischen Regime 

des Substrats passiert. Darüber hinaus lässt sich an Hand des klassischen Models nicht der 

Einfluss der Bruchsegmentkanten auf den Spannungstransfer und die Spannungsverteilung 

zwischen Schicht und Substrat unter gegebener Last erklären. Die Untersuchung des Einflusses 

der mechanischen Eigenschaften (insbesondere durch die FE-Simulation) zeigte, dass der 

Spannungstransfer von Substrat auf die Schicht umso stärker wird je höher der Elastizitätsmodul 

von Schicht und Substrat ist. Gleiches gilt für Zugfestigkeit und Vorverformung. Des Weiteren 

ist der Spannungstransfer im elastischen Regime des Substrats immer höher als im elastisch-

plastischen Regime. Ebenso wurde herausgefunden, dass mit steigender intrinsischer 

Eigenspannung innerhalb des Films zu einer verzögerten Rissbildung der Schicht unter äußerer 

Zugbelastung führt. Die analytisch und numerisch gewonnen Ergebnisse bilden die 

experimentellen Ergebnisse gut ab. 
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1. INTRODUCTION AND OBJECTIVES 

For the last three to four decades, thin films are being used in a wide variety of engineering, 

electronic, optical, biomedical, nuclear, and space applications. Thin brittle coatings are 

specially utilized against wear, corrosion, erosion and abrasion resistance [1-3]. Many 

modern industrial applications rely on the integrity of thin brittle films [1-7].  

Thin brittle crystalline diamond coatings produced by chemical vapours deposition (CVD) 

method are of significant interest for several past years because of their high hardness, low 

coefficient of friction and stable chemical properties. These coatings can successfully improve 

the wear and corrosion resistance of metallic substrates [8-15]. However, adhesion, basic 

deformation and fracture mechanisms of these coatings still require more attention. 

The in-service performance and lifetime of a coated component mainly depends upon 

the adhesion between the coating and the substrate. Weaker adhesion means early 

delamination or wear of the film under service. There are several process parameters 

affecting the adhesion of thin film to the bonding substrate like: cleaning of the substrate; 

coating procedure; rate and time of deposition; the purity of source; type and microstructure 

of the substrate; temperature of the substrate; pressure in the coating chamber etc. [2,16-19]. 

Besides process parameters, there are also some other factors controlling the adhesion of thin 

film to the substrate e.g., thickness, structure and hardness of the interlayer; defects (like 

porosity or cavities) at the interface or in the interlayer; the residual stresses present in the 

film; the chemical bonding of the interlayer with the coating and the substrate etc. The 

presence of residual stresses in a coating/substrate system is an important aspect for the 

failure of thin films. The residual stresses highly affect the ‘fracture and adhesion strength’ of 

the coating [3,9,20-22] and are important for understanding their fracture and delamination 

behaviour. The residual stresses come from two sources: thermal and intrinsic [23]. Thermal 

stresses result from the difference in thermal expansion coefficients between the coating and 

the substrate [11-14,22] and intrinsic residual stresses arise from the accumulation of 

crystallographic defects in the coating during its growth in deposition [23]. The mechanical 

properties of the substrate (especially titanium) are highly influenced by the diamond 

deposition process mainly due to phase transformation caused by hydrogen absorption that is 

used in the coating process [24-26], and this results in the embrittlement of the substrate. 
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There are several methods available to test the adhesion of the coating bonded to the 

substrate like tensile method [4,6,7,27,28], scratch test [23,29,30], three point [29] or four 

point [30] bend test, peel test [2], nano-indentation [3,31-33], Rockwell C method [34] etc. 

In-situ tensile tests have shown their value for studying the adhesion and delamination 

behaviour of thin hard films like DLC (diamond like carbon) [5], Al2O3 [27], SiOx 

[21,28,35], CrN [16], TiN [7] etc. on soft substrates. The techniques based on the Agrawal 

and Raj [36] model allow the determination of the interfacial strength of the coating using the 

mean crack spacing as an indicator, for the shear stresses acting at the interface. 

Unidirectional tensile loading causes the film to produce parallel cracks in the transverse 

direction and the crack spacing is decreased as the strain is increased until the crack spacing 

saturates and no further cracks are formed. Rather delamination occurs along the interface if 

the interfacial shear stress reaches a critical value due to the substrate deformation 

[5,6,21,27,37]. For thin substrates, the internal stress in the coating under straining can also 

be easily determined from the reference measurements on an uncoated specimen [38].  

The residual stresses in thin films can be determined using several methods, which include 

X–ray diffraction [1-3,39], curvature measurement methods [1-3,39,40] Raman spectroscopy 

[1,9,14,25,39-43], focused ion beam (FIB) based methods [44], digital image correlation 

(DIC) [45-49] etc. For crystalline diamond coatings, micro-Raman spectroscopy has proved 

to be an easily applied technique to measure the residual stresses present in the coating by 

measuring the characteristic diamond peak shift with respect to the typical Raman peak for 

stress free polycrystalline diamond [1,9,14,25,39-43]. Gries et al. [50-52] have used Raman 

spectroscopy, before and after the tensile testing of diamond coating systems, to assess the 

state of residual stresses in the coating as result of the substrate-plastic deformation. FIB 

milling coupled with DIC has also been successfully used by many researchers to estimate 

the residual stresses in thin films as well as in bulk materials [46-49].  

In the present work, in-situ tensile testing of diamond coated pure-titanium, Ti-6Al-4V alloy 

and X46Cr13 steel has been performed in a scanning electron microscope (SEM) to analyse 

the damage behaviour of different coating systems and to estimate the fracture and adhesion 

strength of CVD diamond coatings using the shear lag model based on Agrawal and Raj [36] 

technique. Furthermore, the reference ex-situ tensile measurements were done on uncoated 

samples to get the mechanical data of the substrates. Some standard adhesion analysis tests 
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like Rockwell C and scratch-test, were also performed on coated samples to compare the 

adhesions. In this work micro-Raman spectroscopy has been used for various interesting 

experiments. Different diamond coated substrates were tensile tested in-situ in a Raman 

spectroscope to observe the evolvement of residual stress in the coating with the applied 

tensile strain and to estimate the fracture strength of the coating. After fragmentation of the 

coating, small and large cracked coating segments were tested in loaded and unloaded state 

to analyse the stress distribution in the segments. Furthermore loading-unloading in-situ 

tensile experiments were conducted to study the evolution of compressive residual stress in 

the coating with the plastic deformation of the substrate. The effects of initial residual stress 

level and substrate mechanical properties on the cracking, delamination and the stress 

transfer to diamond film were also studied. This spectroscopic technique was also applied on 

FIB milled submicron geometries (like rectangular bars) to analyse the stress relaxation in the 

coating, induced by the FIB cuts. Furthermore, same FIB prepared lamellae were checked 

with digital image correlation (DIC) technique to measure the displacement produced in the 

thin film by FIB milling and to calculate the residual stress present in the film. Raman 

spectroscopy was also applied on Rockwell and scratch tested diamond films to compare the 

stresses in delaminated and non-delaminated diamond films. For the post mortem 

characterization of tensile tested samples, FIB (focused ion beam) microscope was used. 

Using experimental results, the shear lag models developed by Hsueh and Yanaka [21] and 

Frank et al. [4] have been extended and modified to include the effects of plasticity of the 

substrate on the stress evolution and failure behaviour of thin brittle films on ductile metallic 

substrates. Many interesting results have been produced and compared with experimental 

findings for validation. In this work, the brittle-coating/ductile-substrate systems have also 

been modelled using Finite element method (FEM) to understand, more deeply, the effects of 

substrate and coating mechanical properties upon the stress transfer to the coating across the 

interface. Furthermore, the effects of coating segment size on the stress evolution have been 

studied. The simulation results were compared with the experimental and analytical findings 

for the better understanding of stress transfer mechanisms. The FIB milled lamellae were also 

modelled using FEM to compare and validate the µ-Raman and DIC results. 



  4 
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2. THERORETICAL BACKGROUND 

2.1. Diamond 

2.1.1. Carbon Modifications 

Pure carbon can exist in different allotropic forms and this modification is based on the way 

the carbon atoms are bonded together to form different crystalline structures. The well-

known forms of carbon are diamond and graphite [53]. 

Structure of diamond 

Diamond is a metastable form of carbon that exists at room temperature. The structure of 

diamond consists of two interpenetrating fcc structures, which are displaced by 1/4th of the 

dimension of the unit cell. In diamond lattice, each carbon atom is covalently bonded to four 

other equidistant carbons in a regular tetrahedron fashion (see Fig. 2.1a). This is 

appropriately known as diamond cubic structure. In any [111] direction the stacking 

sequence is ABCABC. The distance between coordination neighbors is 0.154 nm and the 

distance between the binding planes is 0.205 nm. In the diamond lattice, the valence 

electrons of the carbon atom lie in four equivalent sp³-hybridized orbitals. Diamond is 

transparent and the hardest known material and most widely used for cutting, grinding and 

polishing purposes in industry [53,54]. 

Structure of graphite 

The crystalline structure of graphite is distinctly different, less dense and more stable than 

diamond at ambient temperature and pressure. In contrast to diamond, graphite consists of 

anisotropic layered structure in which carbon atoms are arranged in hexagonal fashion.  

Within these layers, each carbon atom is strongly covalently bonded to three coplanar 

carbon atoms. The fourth bonding electron creates a weak van der Waals bonding between 

the layers (see Fig. 2.1b). The stacking sequence is ABABAB and the distance between 

coordination neighbors is 0.142 nm, whereas the weak van der Waals bond length is 0.335 nm. 

The distance between the layers is very large and the interlayer forces are very weak, 

therefore, these layers can be displaced past each. That’s why the graphitic carbon is very 

soft and even cut with a knife [53,54].    
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Fig. 2.1. Crystalline structure of Diamond (a) and Graphite (b) [53]. 

2.1.2. Natural and Synthetic Diamond 

Diamond is very well known due to its use as a gemstone and is considered as a symbol of 

wealth and prestige in this world. The word ‘diamond’ is derived from the Greek ‘adamas’, 

meaning indestructible. Around 4000 years ago, diamonds were found in India but the 

modern diamond age started in 1866 with the discovery of large diamond deposits in 

Kimberley, South Africa and the fate of many African countries was changed with the 

wealth created by this gemstone [55]. 

Diamond is the hardest available natural material, is thermally resistant and chemically 

inert, has the highest thermal conductivity at room temperature amongst all materials, has 

good electrical insulation, is the least compressible, has the highest stiffness, is transparent to 

radiations over a very wide range of wavelength (from microwaves to X-rays). Due to these 

extraordinary properties, diamond has always been denoted as ‘the ultimate engineering 

material’. But the cost and shortage of large natural diamond has always become a hurdle in 

the way to exploit these properties [55,56].  

It was discovered in 1797 that Diamond composed of carbon only [57], therefore, at that 

time many scientists tried hard to produce crystalline diamond synthetically using graphitic 

carbon but it proved extremely difficult because of the thermodynamic stability of graphite at 

room temperature and pressure. The transformation from graphite to diamond is prevented 

(a) 

0.335 nm
 

(b) 



THEORETICAL BACKGROUND   7 
 

due to a large energy activation barrier at room temperature and atmospheric pressure, even 

though the difference between the standard enthalpies of diamond and graphite is only 2.9 kJ 

mol−1 [58]. This large energy barrier is also responsible for the rare natural existence of 

diamond [55]. 

Later on researchers understood that it is possible to produce diamond synthetically by using 

the natural conditions for diamond formation i.e., by heating the graphite under extremely 

high pressure [55]. Using this idea, in 1950s General Electric developed the high-pressure 

high-temperature (HPHT) process to produce synthetic diamonds. In this process for 

diamond crystallization, graphite is compressed in a hydraulic press to around 5.0 to 7.0 

GPa and heated to around 1,500 °C using a suitable metal catalyst. The whole system is left 

as such until the crystallization of diamond [55]. The diamond produced by HPHT is used in 

cutting, machining, grinding and polishing equipment. But, there are many applications of 

diamond which need thin films or coatings that cannot be manufactured from HPHT 

process [55,56]. So some other processes are required to deposit diamond films on various 

metallic and non-metallic substrates. 

2.2. Diamond Thin Films 

2.2.1. Overview 

The work of Deryaguin & Spitsyn [59,60] and their co-workers attribute to the beginning 

of diamond thin film technology. They developed a chemical vapor deposition (CVD) 

method for the diamond coating, which requires a low pressure in contrast to HPHT 

process. The development of diamond film deposition techniques has started a new era of 

diamond technology. This technology offers the potential to exploit the special and 

unique diamond properties in several industrial applications like wear resistant coatings 

for bearings, cutting tools and electrodes; thin films for high temperature applications 

and biomedical implants like hip or dental prostheses to decrease micro-wear; free 

standing windows and lens coatings for visible and infrared transmission etc. [56]. CVD 

diamond films have so many outstanding physical properties which are listed in the 

Table 2.1 and these are compared to the properties of single crystalline synthetic 

diamond.   
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Table 2.1. Physical properties of single crystalline and CVD diamond [61]. 

Properties CVD Diamond Single Crystal Diamond 

Density, g/cm3 3.51 3.515 

Specific heat, 𝑪𝒑, J/mol 

(at 300K) 
6.195 6.195 

Thermal conductivity at  

25 °C, W/mK 
2100 2200 

Thermal expansion  

(10−6/°C @ 25–200 °C) 
2.0 1.5–4.8 

Index of refraction at 10 µm 2.34–2.42 2.40 

Band-gap, eV 5.45 5.45 

Electrical resistivity,  

ohm cm 
1012–1016 1016 

Young’s modulus, GPa 910–1250 1250 

Compression strength, GPa 8.68–16.53 16 

Vickers hardness range*, GPa 50–100 57–100 

Coefficient of friction 0.05–0.15 0.05-0.15 

*depends upon crystal orientation 

2.2.2. CVD Diamond Deposition 

In general, chemical vapor deposition process (CVD) is used to coat metals, alloys and 

refractory compounds by a chemical reaction between the carrier gas at or near the hot 

surface of the substrate. This process has very good throwing power and can coat the 

complex shapes easily. The temperatures of the substrate (to be coated) are relatively high 

and also control the deposition rate [53].  

The CVD diamond coating process uses specific temperatures and pressures under which 

graphite should be the thermodynamically stable form of carbon (see Fig. 2.2). During 
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diamond–CVD process, crystalline diamond is produced by the following net chemical 

reaction:   

CH4(g) → C(diamond)  +  2H2(g)
  

       2.1 

There are many other carbon based gases that can be used in addition to methane. In the 

typical process of CVD diamond deposition a mixture of reactant gas and hydrogen (<95%) 

at less than atmospheric pressure is stimulated by passing it through plasma or high 

temperature filaments (~2000 °C) before reaching the substrate at 700 to 1000 °C where 

diamond is a metastable phase (Fig. 2.2). The conversion to graphite takes place but very 

slowly because graphitization activation energy is very high [55,56,62,63]. 

 

Fig. 2.2. Phase diagram of carbon, showing the stability of different forms of carbon at different 
temperature ranges [58,63]. 
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The initial depositions of carbon film exhibited predominantly sp2 bonding nature. Then new 

CVD based techniques, for diamond film growth, were developed to retard graphite 

formation. In these techniques, the formation of sp2 bonding or graphite and other 

amorphous products are suppressed or etched by using hydrogen faster than the diamond. 

As a result stable diamond growth proceeds [62]. 

For diamond thin film deposition with a CVD process, the activation of carbon based gas 

source is necessary, which is done by thermal methods e.g., hot filament, by using electric 

discharge e.g., DC plasma jet or microwave enhanced, or a combustion flame e.g., 

oxyacetylene torch [55,56,62]. The detail of filament and plasma based processes is given 

below. 

Hot filament CVD (HFCVD)  

One way to activate the gases containing carbon is to use filaments, which are most of the 

time made of tungsten or tantalum metals. A schematic diagram of the process is shown in 

Fig. 2.3a. HFCVD uses a vacuum chamber that is continuously pumped with a rotary pump. 

In this process the precursor gas, which is usually methane (CH4), is mixed with hydrogen 

(H2) for dilution in a mixing ratio of around 1% vol. and the flow rate of the gases is 

carefully controlled up to a few hundreds ml/min. The pressure of the gases inside HFCVD 

chamber is typically kept at 2.5–4.0 kPa. The temperature of the substrate is kept in the range 

of 700–1000 °C, so that the formation of crystalline diamond is ensured rather than that of 

the amorphous forms. The temperature of the filament is in the range of 1900–2300 °C. The 

substrate is heated with the heat of filments and kept ~2–3 cm away from the filaments. In 

some CVD systems the substrate is heated separately. The filaments are also deteriorated 

during the coating process due to the formation of metal carbides after reacting with the 

carbon containing gases [10,55,62]. The growth rate and properties of the film can be 

controlled by changing the bias between the substrate and the filament [64,65] and also the 

HFCVD method has proved to be the best choice for larger area diamond deposition [66]. 

The HFCVD is a very cheap and easily operatable method to produce good quality 

crystalline diamond film. However, there are some disadvantages of the process. The 

filaments are corroded and deteriorated by the gases due to phase transformation (e.g., 

carbide formation). Sometimes, the diamond film is contaminated with the filament material 
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(e.g., WO2). The impurity level produced by HFCVD is around at the level of tens of ppm 

that is good for mechanical applications but not for electronic application [55].  

 

 

Fig. 2.3. Examples of some low pressure CVD reactors: (a) Hot filament reactor, (b) Microwave 
plasma CVD reactor [55].  

Microwave plasma CVD (MWCVD) 

For plasma assisted CVD process, all the parameters for gas ratio, pressure, and flow rate 

and substrate temperature are the same as in the HFCVD process. A schematic diagram of 

the system is shown in Fig. 2.3b. In this reactor, the microwave power is brought into the 

coating chamber through a dielectric window (made of quartz) to produce the discharge. The 

microwaves couple their energy with the gas electrons, which then start collision and transfer 

this energy to the gas. As a result heating is produced and gas molecules are dissociated to 

form active carbon species. These reactive carbon species nucleate and grow diamond on the 

substrate surface. The microwave frequency is set at 2.45 GHz during the process. This 

method is expensive compared to HFCVD but has some advantages. It is a high power 

process as a result the growth rate is higher. The process is cleaner than HFCVD, and 

therefore, is a good choice for electronic applications. A wide variety of gas mixtures with 

high oxygen content or chlorine and fluorine contents can be easily employed in this process 

(a) 

(b) 
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without the danger of high temperature corrosion. This process can be operated in low 

pressure regime [55,62]. 

2.2.3. Growth and Morphologies of Diamond Coating  

Using CVD method, diamond can be deposited on different substrates as a continuous 

polycrystalline film consisting of small diamond crystallites fused together in the early stages 

of growth. 

The morphology of the coating depends upon the growth conditions used in the coating 

process and it is controlled by using different ratios of CH4/H2 reactants. If the ratio of 

CH4:H2 is low then crystals with (100) facets and [011] texture are grown (see Fig. 2.4a). 

With an increase in CH4:H2 ratio, a fully square faceted diamond structure (see Fig. 2.4b) is 

achieved. On further increase in this ratio > 1.6%, the crystal size is decreased and smooth 

nanocrystalline film (see Fig. 2.4c) is obtained [67]. 

     

 

Fig. 2.4. Different morphologies of CVD diamond coatings (a) microcrystalline diamond with (100) 
facets and [011] texture, (b) fully square faceted diamond [68] and (c) nanocrystalline. 

1 µm 

(a) 

2 µm 

(b) 

1 µm 

(c) 
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The growth rate of diamond (growth of diamond crystals per unit time) mainly depends 

upon the temperature of the substrate and is increased with increasing temperature. The 

optimal temperature range for diamond formation lies between 750 °C and 1100 °C [69]. 

2.2.4. Quality of the Diamond Film    

The quality of CVD diamond film depends upon the ratio of sp3 and sp2 bonded carbon 

atoms in the film. Sp3-hybridization forms the diamond structure while sp2-hybridization 

forms the graphite structure of the carbon. Usually high quality diamond films are obtained 

at lower CH4:H2 ratio. A higher deposition temperature improves the film quality as the 

formation of sp2 carbon is decreased [70].   

2.2.5. Substrate Materials for Diamond Film Deposition 

Most of the CVD diamond films have been deposited on single crystalline Si-wafers due to 

low cost, availability and promising properties of silicon. Besides Si, there are many other 

substrate materials available that can be used for diamond growth; however these materials 

need to satisfy a number of important criteria. For example, the melting point of the 

substrate should be higher than the CVD diamond growth temperature (higher than 700 °C) 

at the process pressure. This means that materials like plastics, aluminum, GaAs etc. cannot 

be coated. Another requirement is that the thermal expansion coefficient of the substrate 

should be close to the diamond; otherwise high compressive stresses will be accommodated 

in the diamond film due to the fact that at higher growth temperature the substrate will 

expand and diamond will grow on expanded material and on cooling the substrate will 

shrink back but diamond will not. This can cause bending or distortion of the substrate and 

even cause delamination of the coating upon cooling [55].  

There is another requirement for the adhesion that the substrate material should be able to 

form carbide interlayer because in the CVD process diamond cannot grow directly on a non-

diamond surface without the formation of thin carbide interfacial layer because this 

interlayer provides a base for the chemical and mechanical bonding of the diamond film to 

the substrate. Furthermore, this interlayer promotes adhesion by a partial relief of the 

interfacial stresses produced by thermal or lattice mismatch [55].  



THEORETICAL BACKGROUND   14 
 

On the basis of the reactivity of the carbon with the substrate, the pure metals and alloys are 

classified into three categories: 

(a) Little or no solubility with carbon   

These substrates are non-carbide formers and can be used to produce free standing diamond 

films because the film will not adhere to the substrate and delaminate after deposition. These 

substrates include metals like Cu, Sn, Pd, Ag and Au, non-metals like Ge, sapphire, alumina 

etc. [55,71]. 

(b) Extensive mutual solubility with carbon 

The metals like Pt, Pd, Rh, Ni and Fe show strong graphite formation along with diamond 

growth. The substrate dissolves carbon and forms metastable carbides as a result carbon does 

not stay on the surface to nucleate diamond. These metastable carbides dissociate to form 

graphite. The formation of graphite on the surface is a big problem. The diamond nucleation 

and growth only starts after carbon saturation in the substrate [55]. In some cases, the 

diamond nucleation before carbon saturation has also been seen [71]. The problems of 

carbon saturation and graphitization make it difficult to deposit diamond directly on the 

substrate; therefore, some sort of interlayer is deposited first on the substrate to stop the 

diffusion of carbon into the material then diamond is grown on that interlayer. That 

interlayer must be compatible with both the substrate and the diamond e.g., TiBN, 

chromium carbide etc. for steel [55,71]. 

(c) Carbide formation  

These metals form stable carbide phases after reaction with carbon. These include Ti and its 

alloys, Ta, V, Cr, Nb, W, Co, Mo, Ni etc. In case of some metals like Ti, the interlayer of 

carbide can grow to hundreds of micrometers and affects the mechanical properties and 

especially adhesion of the coating. The substrates that are carbides themselves are highly 

responsive to diamond deposition e.g., SiC, WC, TiC. Some non-metals like Si, B and 

compounds like quartz, SiO2 and Si3N4 also form carbides [55,71].  

The problems like thermomechanical mismatch and carbon diffusion in the substrate can be  
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reduced or even eliminated if diamond is grown at lower temperatures. Different research 

groups in the world are putting efforts in this direction. But still Si is a popular substrate for 

diamond deposition because of its high melting point and lower thermal expansion 

coefficient. It also forms very thin carbide interlayer only few nanometers thick. W and Mo 

also show similar features, therefore, these are popular metallic substrates for diamond 

deposition [53].  

2.2.6. Titanium and its Alloys as Substrates for Diamond Deposition 

Titanium and its alloys are used in wide variety of structural applications. Ti-alloys possess 

very good mechanical properties like high strength, ductility, fatigue resistance, good 

resistance against wet corrosion, low density, high specific resistance among all the metals 

up to 600 °C and good bio-compatibility. Due to these characteristics, titanium and its alloys 

are used in aerospace, biomedical and wide variety of chemical applications. But the main 

drawback is that these alloys present poor tribological properties like poor friction and wear 

resistance [8,9,11-13,15,25].  

CVD diamond coating of Ti and Ti-alloy components overcomes their poor tribological 

performance. Pure Ti and Ti-6Al-4V are most commonly used titanium based substrates for 

diamond deposition due to their wide use in technological applications. The main advantage 

of diamond coating on Ti and Ti-alloys is its carbide formation tendency [55,71], which is 

good for adhesion. 

The deposition of diamond on Ti is restricted by adhesion as high shear stresses are created 

at the interface due to thermomechanical and lattice mismatch of diamond and the substrate. 

These stresses can sometimes lead to delamination of the coating after cooling [13,22,72]. 

The large thermal mismatch between diamond and titanium/titanium alloys creates very 

high compressive stress of ~−7 GPa in the temperature range of 800–850 °C [13]. Therefore, 

thin carbide interlayers (< 1 µm) are necessary to avoid self-peeling of the coating [13,72]. 

Researchers [11-13,25,73] have carried out diamond deposition experiments at lower 

temperature ranges from 550–700 °C to minimize the effect of thermomechanical mismatch 

or in order to reduce the residual stresses and successfully achieved better adhesion. Problem 

with the low temperature coating process is that high growth rates and large thickness cannot 
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be achieved. Also at high temperature the quality of diamond is better (in term of reduced 

sp2-carbon) but stresses are higher [25,72].   

Effects of process hydrogen on Ti and Ti-6Al-4V 

As hydrogen is used in CVD diamond coating process, it is easily dissolved in titanium and 

forms hydrides. As a result, the mechanical properties of Ti and its alloys are severely 

affected [15,74]. For example in case of Ti as a substrate, under the diamond deposition 

conditions the absorption of hydrogen by the Ti reduces the 𝛼 − 𝛽 transition temperature 

[75]. As a result, even at a low deposition temperature of 600-700 °C, the Ti-substrate 

changes to the 𝛽–phase with a coarse grain size. Ultimately, cooling and 𝛽 − 𝛼 

transformation produces coarse martensitic structure with large 𝛼–martensite plates 

embedded in a matrix consisting of small needles of 𝛼 and titanium hydride [24-26]. See Fig. 

2.5 (a and b) for the changes in microstructure of pure Ti after diamond deposition. 

       

Fig. 2.5. Microstructure of (a) the untreated titanium substrate, and (b) titanium substrate with 
diamond deposition for 4 hrs. [24].   

Grögler et al. [9] made a comparison between pure-Ti and Ti-6Al-4V alloys for the effects of 

process hydrogen for different deposition temperatures. They showed that the microstructure 

of Ti-6Al-4V alloy produced no significant changes with respect to the as received state up to 

720 °C. At 770 °C grain coarsening occurred and beyond 820 °C globular 𝛼–Ti changed to 

acicular structure due to 𝛽 − 𝛼 transformation. At 870 °C, the former 𝛽−structure was 

coarsened. But in case of pure Ti, from lower coating temperature of 660 °C to higher 

(a) (b) 
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temperature of 870 °C, the microstructure appeared almost similar with large acicular 𝛼–Ti 

plated embedded in the matrix of fine 𝛼–Ti and titanium hydride needles. They also 

performed Charpy impact tests to check the mechanical behaviour of both the substrates and 

Ti-6Al-4V alloy showed very small change in impact strength while pure-Ti showed a very 

large decrease in impact strength with increasing deposition temperature. Heinrich et al. [15] 

performed dehydrogenation heat treatment on diamond coated pure-Ti samples at 800 °C 

under vacuum and was able to restore the ductility of Ti after this treatment. They proved 

this with Charpy impact test performed on uncoated, coated and coated-heat treated pure-Ti 

samples.  

Fu et al. [24] used some interlayers like TiN or DLC (diamond like carbon) on Ti and Ti-

alloy to prevent the rapid diffusion of carbon and hydrogen into the substrates so that the 

deterioration of the mechanical properties could be avoided. They showed that with TiN 

interlayer, the diffusion of hydrogen and carbon into the substrate was avoided but there was 

no improvement in nucleation and growth, and diamond coating showed poor adhesion. 

With DLC as interlayer, there was improvement in nucleation and growth but the coating 

showed spallation. Furthermore, they showed that the plasma nitriding followed by the 

plasma carbonitriding produced effective results in stopping diffusion and to improve 

diamond coating adhesion to the substrate.    

2.2.7. Steel as Substrates for Diamond Deposition 

CVD diamond coating on steels is a very promising technique for the machine tool industry 

because it can tremendously increase the wear resistance of steel tools. Steel is also a very 

cheap substrate as compared to other expensive hard metals used as diamond coated 

machine tools.  But diamond coating of steels is still in the stages of development and 

gradually finding its way in the industry. The CVD diamond coating of steels is a difficult 

process due to several problems like:  

(i) The Fe in the steel interacts with the precursor gas used in the CVD-diamond process 

and forms graphite. This graphitization is associated with the metastable nature of 

cementite [26]. Coating on this graphite layer is possible but with very weak adhesion.   

(ii) The absorption of process hydrogen by the steel at high temperatures of ~800 °C also 

causes the deterioration of the mechanical properties [15].   
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(iii) The high thermomechanical mismatch between diamond and the substrate produces 

large compressive stresses in the coating that can lead to spallation [15,55].  

The problems of carbon and hydrogen diffusion, and graphitization can be solved by using 

interlayers. The interlayer should have following properties: (a) Good adhesion with the 

coating and the substrate, (b) it should act as barrier against the diffusion of carbon and 

hydrogen into the substrate and (c) the physical properties of the interlayer should lie 

between the properties of the coating and the substrate so that there is a gradient transition 

from substrate to the diamond coating [76]. 

Schwarz et al. [76,77] used chromium carbide interlayer (Cr23C6) on 41Cr4 steel (~1.05 % 

Cr). They showed that this interlayer acted as good barrier against the diffusion of carbon 

into the substrate and against the diffusion of iron into the diamond film. Also it provided 

good adhesion to both the substrate and the film [76]. Furthermore, they explained the 

effects of diamond deposition on the chemical composition of the interlayer and 

microstructure of the substrate. During deposition, interlayer changes from Cr23C6 to Cr2C3 

and this transformed layer provides better adhesion. The microstructure of the steel is also 

significantly affected due to high temperature > 800 °C and long deposition time, and as a 

result a coarser ferritic + pearlitic structure is obtained that can be refined with an annealing 

plus faster cooling treatment [77].  

Bareiss et al. [78] applied a chromium carbide interlayer on different steel substrates like 

41Cr4, X46Cr13 and X50CrMoV15. They achieved good adhesion of the interlayer with 

diamond and steel for all the substrates. The microstructure of the steels was also affected 

significantly. They showed that structuring of the substrate by sandblasting before coating 

can reduce the compressive stresses after deposition. The high temperature diamond 

deposition on steel in the austenite range (> 800 °C) can also cause the reduction of 

compressive stresses after deposition due to volume expansion during cooling associated 

with 𝛾 − 𝛼 transformation. Bareiss et al. [78] also showed that X46Cr13 steel produced less 

compressive stress in CVD diamond compared to other steel substrates.  

Kellermann et al. [79] studied the effect of CVD deposition temperature on the adhesion of 

diamond coating to 41Cr4 steel by using Cr23C6 interlayer. They found that deposition at 
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higher temperature > 920 °C provided better adhesion than at lower temperatures. The 

reason is the formation of covalent bonds between the diamond and the chromium carbide 

interlayer at higher deposition temperature, although the residual stress level is higher at 

higher temperature.  

Bareiss et al. [80] used, furthermore, TiBN as interlayer between CVD diamond and 41Cr4 

steel and this intermediate layer showed very good adhesion to both steel and diamond, but 

with higher residual stresses in diamond. The diffusion of Ti into the steel substrate and Fe 

into the interlayer provided good interlock between interlayer and substrate. Moreover, they 

showed the good adhesion of the diamond film to the interlayer with indentation and scratch 

testing.  

2.2.8.   Technical Applications of CVD Diamond Thin Films 

CVD diamond coatings are used in those applications in which extreme physical properties 

are required. Some of the applications are as follows: 

Electrochemical processes  

Due to high biocompatibility and chemical resistance, CVD diamond is a favorite coating 

material for electrodes used in harsh corrosive environment for water treatment and 

electrochemistry. Boron doped diamond has high electrical conductivity, chemical resistance 

and high over-potential for oxygen and hydrogen evolution, therefore, is a very good 

electrode for waste water treatment. Famous substrates for these processes are Ti and Ti-

alloys [55,81]. 

Cutting tools   

Due to the extreme hardness and wear resistance of diamond, it is used in cutting and 

machining tools for non-ferrous metals and alloys, plastics, chips boards and composites. 

These CVD coated tools have longer lifetime than conventional carbide tools [55].  

Optical applications  

Diamond is also used as a free standing infrared (IR) window in harsh environments due to 

its optical properties, resistance to thermal shocks and high durability. The conventional IR 

materials like ZnS, Ge and ZnSe, are brittle and easily damaged [55].    
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Thermal management  

CVD diamond coatings have very high thermal conductivity coupled with electrical 

insulation, which makes it suitable as a cooling material for different high power electronic 

and opto-electronic devices. It is used as a thin layer between the devices and the radiator 

because of its superior conductivity compared to pure Cu over a wide range of temperatures 

[55]. Now-a-days large CVD diamond plates are available with thermal conductivity            

> 20 W cm−1K−1 and finding applications in the thermal management e.g., heat spreaders of 

laser diodes, sub-mounts for integrated circuits etc. [82].   

Particles detectors  

CVD diamond is used as a solar-blind detector for ultraviolet light and high frequency 

particles. Diamond can also be used to detect alpha and beta particles, and neutrons. 

Diamond can also be used as a dosimeter in a medical application for radiation exposure 

because it has similar response to gamma rays and X-rays damage as human tissue [55].  

Ideal for Si-wafers deposition  

With the use of high power microwave systems, it is now possible to produce uniform 

diamond thin films over large areas up to 20 cm and of thickness ~1 mm. Large sized Si 

wafers can now be easily coated with diamond for MEMS applications [55]. 

2.3. Raman Spectroscopy and Characterization of CVD Diamond Films 

Raman spectroscopy is based on the principle of inelastic scattering of light which was first 

postulated by Adolf Smekal [83] in 1923 and then later in 1928 experimentally observed by 

Raman and Krishnan [84]. Therefore, this phenomenon is known as Raman spectroscopy 

[85]. It is a straightforward and useful technique used for the identification of different solids, 

liquids and gases and it requires no sample preparation. Samples to be analysed are 

illuminated with a monochromatic laser light and the light scattered from the sample is 

examined with an attached spectrometer. 

2.3.1. Principle of Raman Spectroscopy 

When photons of the light interact with matter, they are either absorbed or scattered or may 

pass through it. If the energy of the incident photon is equal to the energy gap between the 
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excited and ground state of that molecule then the photon is absorbed and the molecule is 

shifted to a higher energy level. The energy loss can be measured by means of absorption 

spectroscopy. It is also possible for the incident photon to be scattered after interacting with 

the matter. If this scattered photon is not absorbed in any electronic transition then can be 

detected by collecting the light at an angle to the incident light beam. The main scattering 

method used for the identification of solids, liquids and gases is Raman scattering [85]. 

The scattering is of two types elastic and inelastic. If the incident light only perturbs the 

electronic cloud, then scattering of the photons will occur with very small frequency change. 

This is called elastic scattering. Elastic scattering is a dominant process and in molecules it is 

also called Rayleigh scattering (see Fig. 2.6). This scattering does not involve any energy 

change; therefore, the light returns back to the same state. If the scattering process also 

induces the nuclear motion then energy will be transferred either from the incident photon to 

the molecule or from the molecule to the scattered photon. As a result the energy of the 

scattered photon will be different form the incident photon by one vibrational unit. This is 

called inelastic or Raman scattering. This is a very weak process as only one in 106–108 

scattered photons, is a Raman scattered photon. Raman scattering does not need any 

matching of the energy of the incident radiation with the energy gap between ground and 

excited states. The Fig. 2.6 shows two modes of inelastic scattering: stokes and anti-stokes. If 

 

Fig. 2.6.  Diagram of the Rayleigh and Raman scattering processes. The lowest energy vibrational 
state m is shown at the foot with states of increasing energy above it. Both the low energy (upward 
arrows) and the scattered energy (downward arrows) have much larger energies than the energy of a 
vibration [85]. 
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 the molecule is promoted to an excited vibrational state (n) after the absorption of energy in 

a ground vibrational state (m) by the Raman scattering process then it is called Stokes 

scattering (see Fig. 2.6). Sometimes due to thermal energy, some of the molecules are 

already present in the excited vibrational state. If Raman scattering causes these molecules to 

go into the ground state (m) then this is called anti-Stokes scattering and the energy is 

transferred to the scattered photon (Fig. 2.6). In all types of scattering processes, the 

perturbance of electronic cloud around the nucleus produces a short lived state called ‘virtual 

state’ (Fig. 2.6). This virtual state is short lived, therefore, the photon is quickly re-radiated.  

At room temperature the anti-Stokes scattering is weaker than Stokes because of the less 

availability of excited vibrational states. But with the increase in temperature the intensity of 

anti-Stokes scattering is increased due to the thermal excitation of molecules from ground to 

excited state [70,85]. 

Different materials have different vibrational modes and, therefore, characteristic Raman 

spectra. There is one important difference between the Raman spectra of solids and, liquid 

and gases. As liquid and gases are composed of molecules, therefore, it is good to use the 

term ‘vibrational energy levels’ for the individual molecules. But in case of solids, there are 

no molecules instead the crystal lattices vibrate. These vibrational modes in solids are called 

phonons [85].  

2.3.2. Working of a Laser-Raman Spectrometer      

The schematic illustration of a micro-Raman spectrometer is shown in Fig. 2.7a. A typical 

Raman spectrometer uses a monochromatic laser light. The wavelength of the laser light 

may vary according to the experiment. Therefore, swappable laser can be linked to the 

spectrometer. The laser light is focused through a small pinhole and then directly incident on 

a plasma filter so that any background radiations or weak emission lines can be filtered. 

Then the laser light strikes the notch filter, which acts as interference filter and directs the 

light into the microscope coupled with Raman spectrometer. The optics of the microscope 

directs the light onto the sample and then the scattered light from the sample is collected 

back from the microscope through the same optics. Afterwards, the scattered light is directed 

towards a filter that removes the Rayleigh scattered light and then the filtered scattered-light 

hits a grating that diffracts the light into a spectrum (Fig. 2.7b). The spectral resolution 
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depends upon the grating density. The final spectrum is then detected by the CCD sensor 

which converts it into an electrical signal and sends it to computer. The Raman 

spectrometers also have built-in polarization optics before and after the sample [70,85,86]. 

 

 

Fig. 2.7. (a) Schematic illustration of a micro-Raman Spectroscope, (b) schematics of the diffraction 
and spectrum collection [86]. 

2.3.3. Characterization of CVD Diamond Thin Films with Raman Spectroscope 

Difference between the Raman spectra of natural and CVD diamond 

The comparison of Raman spectra taken from natural diamond and CVD diamond film is 

shown in Fig. 2.8a. Natural diamond shows a sharp first order peak at 1332 cm−1 

 
(a) 

(b) 
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wavenumber (see Fig. 2.8a–natural diamond) in the Raman spectrum and also a weak 

second order peak at 2750 cm−1 [87]. The full width half maximum (FWHM) of this peak is 

~2 cm−1. In case of CVD diamond films, non-diamond carbon based species are present, 

which affect the overall quality of diamond (Fig. 2.8a–CVD diamond). These non-diamond 

carbons can be amorphous or graphite [88,89]. The diamond peak from CVD grown film 

appears at 1332 cm−1 if diamond film is stress free and can shift to lower or higher 

wavenumbers depending upon the tensile or compressive stresses present in the coating [50]. 

Large pure graphite crystals show a sharp peak at 1580 cm−1 in the Raman spectrum [88,90]. 

In case of small graphite crystallites two peaks appear in the spectrum, one is sharp and high 

intensity peak at ~1580 cm−1 wavenumber called G-band and the other is weak intensity 

peak called a disorder or D-band at ~1350 cm−1 [90] (Fig. 2.8b). If amorphous carbon is 

present, it shows a long hump in the range of 1000–1600 cm−1 [91]. The quality of the 

diamond film can be estimated from the intensities of diamond and graphite peaks. When 

large quantity of graphite and amorphous carbon is present in the coating, the diamond peak 

is screened out due to high Raman signal from the other carbon species.  

 
 

Fig. 2.8. (a) Raman spectrum taken from natural and CVD diamond [70], (b) Raman spectra of 
graphite, showing D-band and G-band [92].  

Raman Spectroscopy and Residual Stress analysis in CVD Diamond Films 

Micro-Raman spectroscopy can be used to measure the residual stresses present in crystalline 

diamond films by measuring the characteristic diamond peak shifts and splits, with respect to 

the typical Raman peak for stress-free crystalline diamond at 1332 cm−1 peak frequency 
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[8,41,50,72,93,94]. In the as-grown state on a metallic substrate, the polycrystalline diamond 

coating contains isotropic biaxial compressive residual stresses. These residual stresses 

usually appear in the form of peak shift and peak split into a singlet (s–low frequency peak) 

and a doublet (d–high frequency peak) in the Raman spectra [25,50,72,93,94] as shown in 

Fig. 2.9 for isotropic biaxial stresses. The peak shifts are also affected by the 

texture/morphology of diamond coatings. Different texture orientations lead to different 

singlet and doublet peak shifts [50,51,72,93]. Several averaging methods have been 

developed for evaluating the stresses from these spectra, e.g., Ager and Drory [72] or the 

complete averaging method for isotropic biaxial stresses according to Anastassakis [94]. In 

order to calculate the magnitude of isotropic biaxial residual stress from the shifts in peaks 

with respect to stress free diamond at 1332 cm−1 (Fig. 2.9), Ager and Drory [72] provided the 

following averaged equations for the polycrystalline diamond: 

where 𝜈𝑠 and 𝜈𝑑 are the characteristic diamond peak positions for the singlet and doublet 

phonons (see Fig. 2.9 for the isotropic biaxial stress), respectively on Raman spectra and 𝜈𝑜 

is the peak frequency of stress free diamond (i.e., 1332 cm−1). After calculating the stresses 

from Eqs. 2.2 and 2.3, the average of the stress values is taken. When the stresses in the 

diamond film are small, the peak splits are not resolved in a Raman spectrum. In such a 

case, the weighted average factor of −0.49 GPa cm−1 [9,41,93] is used to evaluate stresses in 

the diamond coating using the following equation: 

𝜏 =  −0.49 𝐺𝑃𝑎/𝑐𝑚−1(𝜈′ − 𝜈𝑜)       2.4  

where 𝜈′ is the position of un-split diamond peak. Anastassakis [94] provided another model 

similar to Eqs. 2.2 and 2.3, for calculating the stresses associated with singlets and doublets, 

including some modifications. His model is shown in Eq. 2.5.  

�
𝜏
𝜏
�
𝐺𝑃𝑎

= �−0.970 0
0 −0.374�𝐷𝑖𝑎𝑚𝑜𝑛𝑑

. �
∆ν𝑠
∆ν𝑑

�
𝑐𝑚−1

        2.5  

Where ∆ν𝑠 and ∆ν𝑑 are the shifts of singlet and doublet with respect to stress free diamond

              𝜏 =  −1.08 𝐺𝑃𝑎/𝑐𝑚−1(𝜈𝑠 − 𝜈𝑜)                    for singlet phonon (s)        2.2 

                 𝜏 =  −0.384 𝐺𝑃𝑎/𝑐𝑚−1(𝜈𝑑 − 𝜈𝑜)                  for doublet phonon (d)         2.3 
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peak. During tensile testing, the stresses in the diamond coating can change their nature to 

anisotropic biaxial because of the Poisson’s contraction [50-52]. The anisotropic stresses 

appear in the form of peak split into three singlets in the Raman spectra, which correspond 

to three different stress components in the coating [50-52,94] (see Fig. 2.9 for anisotropic 

biaxial stresses). For biaxial compressive stresses, Gries et al. [50] found during tensile 

testing a positive diamond peak shift in the Raman spectra with respect to stress free 

diamond. For combined tensile and compressive stress components, negative (for tensile 

stress) and positive (for compressive stress) peak shifts can be found [50]. For calculating the 

two principle stresses in anisotropic biaxial condition, Anastassakis [94] provided another 

model which is given in Eq. 2.6.   

�
𝜏1
𝜏2
�
𝐺𝑃𝑎

= �−0.491 0.117
0.117 −0.491�𝐷𝑖𝑎𝑚𝑜𝑛𝑑

. �
∆ν𝑠1
∆ν𝑠2

�
𝑐𝑚−1

        2.6 

 

Fig. 2.9. Different types of spectrum as a function of the anisotropic and isotropic biaxial stresses. 
The isotropic biaxial stress case leads to a spectrum consisting of a singlet (low frequency) and a 
doublet (high frequency) peaks. In case of anisotropic stresses, the doublet is split up into two further 
singlets. The wavenumber for stress free diamond is also shown. [50]  

Using polarized micro-Raman spectroscopy, Gries et al. [50-52] managed to analyze the 

anisotropic nature of the biaxial stresses on a tensile tested diamond coated Ti-6Al-4V alloy. 
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They found a tensile stress of ~1.5 GPa in tensile direction and very high compressive stress 

(~−19 GPa) in the direction perpendicular to the tensile axis using averaging method of 

Anastassakis [94]. These high compressive stresses which resulted from the thermal 

mismatch and plastic deformation of the substrate, led to a positive Raman shift of the split 

diamond bands after tensile test (see Fig. 2.10). The Raman spectra measured in the tensile 

direction showed peak split into three singlets. 

 

Fig. 2.10. Micro-Raman spectra recorded after a tensile test on a diamond coated Ti-6Al-4V alloy; a 
laser polarization parallel and perpendicular (after rotating the sample to 90 degrees) to the tensile 
axis was used. The Raman spectra acquired in perpendicular direction is showing very high positive 
peak shift with respect to stress free diamond, leading to very high compressive stress in the diamond 
film. The peak splitting into three singlets can also be seen in the tensile direction [52]. 

2.4. Mechanical Behavior of Thin Films 

2.4.1. Residual Stresses in Thin Films 

The residual stresses within a coating are always crucial because they affect different 

properties of the coating system like: adhesive failure can occur, the fatigue life can be 

reduced, through thickness cracking can occur in the coating, the chances of stress corrosion 

cracking are increased etc. [23].    

Mechanics 

Consider a film/substrate system with a film thickness being smaller compared to the 

substrate and both are considered stress free. The length of the film and substrate is much 
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larger than their total thickness. Now in the stress free state, the film is removed from the 

substrate. If the film is reattached to the substrate without any change, it will not affect the 

substrate. But if the dimensions of the film are increased or decreased and it is reattached to 

the substrate then compressive or tensile strain will be developed in the film. The relaxation 

of the film will cause a bending of the substrate. In other words the coatings on the substrate 

is elastically compressed or stretched in the absence of any external load. If this coating is 

removed from the substrate, it will expand or shrink, respectively [3]. This process is shown 

in Fig. 2.11.  

  

 

  
 

                                        
 
 

    
                                             

                                           
 
 
Fig. 2.11. Illustration of the relationship between the biaxial stress in a thin film and the associated 
bending of the substrate [3]. (a) Stress free film, (b) film with tensile stress and (c) film with 
compressive stress. 

Stress free film on substrate 

Substrate 

Remove film from substrate 

(a) 

Shorten the dimensions of the film Pull the film to match the substrate 

Re-attach the film to the substrate and remove 
forces. Film will relax and bend the substrate. 
  

(b) 

Increase the dimensions of the film Compress the film to match the substrate 

Re-attach the film to the substrate and remove 
forces. Film will relax and bend the substrate. 
  

(c) 
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The thermal residual stresses in as-grown state are most of the time isotropic biaxial in 

nature and the development of this stress produces elastic strains 𝜀𝑥𝑥 R and 𝜀𝑦𝑦 in the coating 

[3] such that: 

𝜀 = 𝜀𝑥𝑥 = 𝜀𝑦𝑦 = ±
𝑒𝑇
3

        2.7  

where 𝑒𝑇 3�  is the dilatational transformation strain. Hook’s law leads to biaxial stress in the 

film (Eqs. 2.8 and 2.9). M is the biaxial modulus, E is the Young’s Modulus and 𝜈 is the 

Poisson’s ratio of the film [3]. 

𝜎 = 𝜎𝑥𝑥 = 𝜎𝑦𝑦 = 𝑀𝜀        2.8  

𝑀 =
𝐸

1 − 𝜈
        2.9  

Sources of residual stresses 

1. Thermal stresses: These are caused due to difference in thermal expansion coefficients of 

the coating and the substrate. To accommodate the thermomechanical mismatch, elastic 

strain (Eq.2.10 [3]) is needed to fit the film on the substrate as a result residual stresses 

are developed in the film (Eq. 2.11 [19]).  

𝜀𝑓 = (𝛼𝑓 − 𝛼𝑠)(𝑇 − 𝑇0) = ∆𝛼∆𝑇 2.10 

𝜎𝑓 = � (𝛼𝑓 − 𝛼𝑠)
𝑇

𝑇0

𝐸𝑓
(1 − 𝜈𝑓)

 2.11  

Where 𝛼𝑓 and 𝛼𝑠 are the linear thermal expansion coefficients of the film and the 

substrate, respectively. T is the deposition temperature and T0 is the room temperature. 

𝐸𝑓 and 𝜈𝑓 are the Young’s modulus and Poisson’s ratio of the film. If  𝛼𝑓 < 𝛼𝑠, then the 

residual stresses will be compressive and accumulate in the coating if it is very thin 

compared to the substrate. Similarly, if 𝛼𝑓 > 𝛼𝑠, then the residual stresses in the coating 

will be tensile in nature [3,23].  

2. Growth/Intrinsic stresses: The intrinsic stresses are developed in thin films from the coating 

growth conditions. In vacuum deposited coatings, these stresses are generated due to the 
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accumulation of crystallographic defects in the coating during deposition. These defects 

are created due to chemical reactions, phase transformations, energetic particles 

bombardment etc. [23]. In case of soft and low melting point metals like Al, the high 

diffusion relaxes the intrinsic stresses. But this bulk diffusion can also create defects in the 

coating. In case of hard and high melting point metals like Cr, the intrinsic stresses can 

dominate over the thermal stresses if chromium is deposited at low temperature [95,96]. 

In case of hard PVD (physical vapor deposited) coatings, the intrinsic stresses are 

generally compressive and depend upon the process parameters [97]. For a CVD 

diamond thin films, the intrinsic residual stresses are tensile in nature but much smaller 

than the thermal compressive stress [98,99]. For that reason, CVD diamond thin films on 

metallic substrates have in general compressive residual stresses.  

3. External Stresses: These stresses are induced in the film due to the deformation of 

coating/substrate systems [20]. 

2.4.2. Analysis of Residual Stresses in Thin Films 

There are different methods available to qualitatively and quantitatively analyze the residual 

stresses present in the thin films like diffraction techniques (X-ray, neutron, electron 

diffraction), micro-Raman spectroscopy, curvature measurement (optical interferometry, 

laser scanning), FIB milling coupled with DIC (digital image correlation), bending beam 

method etc. Raman spectroscopy has already been discussed in detail in section 2.3. Here 

other methods will be discussed in brief. 

(a) Diffraction techniques     

One of the important diffraction techniques for residual stress analysis in thin crystalline 

films is X-ray diffraction. The residual stresses change the interplanar spacing d in the lattice 

of the material. This change in d–spacing causes a change in Bragg’s scattering angle and it 

can be measured using XRD diffractometer. Also a careful determination of stress free d–

spacing or Bragg’s angle is also required. The elastic stress/strain in the film appears in the 

form of a peak shift in XRD Spectrum. The alignment of the sample with respect to X-ray 

beam is also very important for stress analysis otherwise a small mis-allignment can cause a 

big change in exact peak shift [100]. 
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Neutron-diffraction is another technique which is used in the same fashion as XRD. The 

neutron have higher penetration depth compared to X-rays, therefore, this technique can 

provide full three dimensional strain measurement. 

In order to measure stresses in very small scaled components (especially very small 

electronic devices), electron diffraction method is used. This technique is used to achieve 

very high lateral spatial resolution. The convergent beam electron diffraction (CBED) 

technique in TEM (transmission electron microscope) is used to measure the stresses and 

strains at nano-scale.  

(b) Curvature measurement 

The substrate curvature measurement method is very useful for measuring the residual 

stresses in thin films and thick coatings. When the thickness of the film is very small 

compared to the substrate then the residual stresses in the film are considered to be uniform 

and the bending stresses due to deformation can be ignored. In such a case Stoney’s equation 

[101] can be used to calculate the stresses (Eq. 2.12). 

𝜎𝑓 =
𝑡𝑠2

𝑡𝑓
�

𝐸
1 − 𝜈

�
𝑠
�
1
𝑅
−

1
𝑅0
� 2.12  

Where 𝑡𝑓 and 𝑡𝑠 are the film and the substrate thicknesses, � 𝐸
1−𝜈

�
𝑠
 is the biaxial modulus of 

the substrate and 𝑅 and 𝑅0 are the current and initial radius of curvatures of the substrate, 

respectively. With the increase in thickness of the film, the bending/flexure stress in the film 

must be considered and the modified Stoney’s equation by Brenner and Senderoff [102] is 

used (Eq. 2.13). Where 𝑀𝑓 and 𝑀𝑠 are the biaxial moduli of the film and the substrate, 

respectively [39,40]. 
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There are several methods used to measure the radius of curvature of the film/substrate 

systems. The most common is the laser scanning in which a beam of laser is reflected from 

the curved surface at certain angle depending upon the surface orientation. If the light is 
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moved to another position on the curved surface the angle of reflection is changed. This 

change in angle is measured with a photo-detector to measure the radius of curvature [3]. 

This method is suitable for crystalline as well as amorphous coatings. 

(c) FIB–DIC method for residual stress analysis 

This method is based on the principle of hole-drilling technique in which a small hole is 

drilled in the sample (the depth is equal to hole diameter but smaller than sample thickness) 

containing residual stress and as a result it relaxes its stress in the direction of that hole. The 

stress relaxation occurs due to the availability of free surface by drilling. The strain change 

during relaxation is measured and the residual stress is back calculated [48].  

FIB milling has also been used [44-47,49] to carry out similar experiments on sub-micron 

scale. Korsunsky et al. [45,46] used annular FIB milling technique to mill ring-shaped 

trenches in TiN PVD coatings on WC/Co substrates. The depth of the trench was almost 

equal to the diameter of the central circular island and also to the thickness of the coating. 

The ring shaped trenches introduced a strain relief in the stressed coating and the central 

circular island was fully stress relieved. The process can be seen in the Fig. 2.12.  

       

Fig. 2.12. Illustration of FIB ring-milling operation. (a) Deposition of very thin (100 nm) layer of Pt 
on the stresses coated surface and milling of small dots pattern, (b) FIB ring-milling with patterned 
surface [45,46]. 

Fig. 2.12(a) shows that before milling a very thin layer of Pt (100 nm) was deposited on the 

stressed surface and a pattern with small dots was milled in it. Then a high resolution SEM 

5 µm 

(a) 

2 µm 

(b) 
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image was recorded from that patterned surface. After ring-milling (Fig. 2.12b), the pattern 

was visible on the surface and again a high resolution SEM image was taken from that 

surface. Afterwards, displacements were measured on these SEM micrographs of the 

undisturbed patterned surface and the milled ring with pattern, using digital image 

correlation (DIC) and the relative displacement of dots on the patterned surface was 

recorded [45,46].  

In terms of mathematical interpretation, Korsunsky et al. [46] assumed the plane stress 

situation with equi-biaxial stresses such that 𝜎3 = 0 and 𝜎1 = 𝜎2, and the strain difference 

(∆𝜀̃ = ∆𝜀(ℎ)|ℎ≥𝑑) between initial and fully stressed relieved state at the drilling depth (ℎ) 

was equal or higher than the island diameter (𝑑). But for equi-biaxial stress state −∆𝜀̃ arises 

and the residual stress can be calculated using Eq. 2.15 [46]. 

−∆𝜀̃ =
1
𝐸𝑓

(𝜎1−𝜈𝜎2−𝜈𝜎3) =
𝜎�(1 − 𝜈𝑓)

𝐸𝑓
 2.14  

𝜎�𝑓 =
−𝐸𝑓∆𝜀̃

(1 − 𝜈𝑓)
 2.15  

For non-equi-biaxial stress states following relations can be used [46]: 

𝜎�𝑓1 =
−𝐸𝑓(∆𝜀1� + 𝜈∆𝜀2� )

(1 − 𝜈𝑓2)
 2.16  

 

𝜎�𝑓2 =
−𝐸𝑓(∆𝜀2� + 𝜈∆𝜀1� )

(1 − 𝜈𝑓2)
 

 

2.17 

  

Korsunsky et al. [46] also validated his results with FE modeling, X-ray diffraction and 

curvature measurement. 

Sebastiani et al. [47] further extended the work of Korsunsky et al. [46] and developed a 

semi-automated method to measure the residual stress gradients in thin films by incremental 

ring core milling method using FIB-DIC-FEM. Depth resolution was improved to 50 nm. 

Song et al. [49] changed the circular ring-core geometry proposed by Korsunsky et al. [46] to 



THEORETICAL BACKGROUND   34 
 

square geometry (see Fig. 2.13) and used DIC for the measurement of displacements in two 

directions introduced by FIB trenches. They validated their results with FE modeling. 

 

Fig. 2.13. FIB milled geometry proposed by Song et al. [49] for residual stress analysis by digital 
image correlation. 

(d) FIB–Cantilever beam bending method 

Another FIB based technique to measure the residual stresses in coatings is ‘micro-cantilever 

beam bending’ used by Massl et al. [103]. Using this method the depth profile of the residual 

stresses can be measured on nano-scale. This method is applicable to both crystalline and 

amorphous coating systems. In their work, they prepared a micron-sized cantilever beam 

using FIB milling technique in a thin film/substrate system. The milled beam deflected 

depending upon the magnitude and nature of the residual stresses present in the system (see 

Fig. 2.14a for a TiN-film/Si-substrate system). In order to measure the stress profile as a 

function of the film-thickness, the film was milled with FIB gradually downward in steps to 

reduce its thickness. The thickness reduction caused a change in the stress distribution and 

deflection of the film. This change in the deflection was measured using SEM images. By 

using the deflection as a function of the film thickness, elastic moduli of the film and the 

substrates, and the dimensions of the cantilever; the depth profile of the residual stress in the 

film and in the initial system can be determined (Fig. 2.14b). There are some disadvantages 

of this method. 1) In a coating substrate system with an unknown stress state, it is not sure 

that the bending of the cantilever beam is due to the compression at the surface or tension at 

the bottom of the beam. 2) This method requires more time to prepare the samples compared 



THEORETICAL BACKGROUND   35 
 

to FIB-DIC method. 3) If the substrate is plastic, then the bending of the beam can cause 

some plastic deformation in the substrate which can affect the measurement accuracy, 

therefore this method is suited for elastic substrates like Si. 

 

 

 

Fig. 2.14. (a) SEM image of a micro-cantilever beam prepared using FIB milling in a TiN/Si-
substrate system to measure the depth profile of residual stress in the film. (b) Depth profile of the 
residual stress measured as a function of the film thickness [104]. 

2.4.3. Adhesion of Thin Films 

The integrity of thin films relies upon its adhesion to the substrate. Weaker adhesion means 

an early de-cohesion or wear of the film under service. Adhesion directly depends upon the 

interatomic or intermolecular forces between the film and the substrate [2]. There are several 

parameters which affect the adhesion of thin films to the substrate: 

Temperature of the substrate: In case of CVD coatings, low temperature yields low residual 

stresses in the coating but at the cost of coating quality, deposition rate and adhesion. But in 

case of some steels high temperature yields better adhesion as explained in section 2.2.7. 

Residual stresses: This is an important factor affecting the adhesion of thin films. High residual 

stresses in the film can lead to the bending of the substrate and self-delamination/spallation 

of the coating can occur during cooling after deposition. The residual stresses and their 

effects are explained in detail in section 2.4.1.  

Type of the substrate: This effect has been explained in detail in section 2.2.5. For different 

types of substrates, different combinations of coating parameters are required. Some 

substrates also require extra interlayer for better adhesion. 

(a) (b) 
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Interlayer thickness: The thickness of the interlayer also plays an important role in improving 

the adhesion of the coating. In case of brittle interlayer, it is kept as thin as possible because 

it contains defects and increasing interlayer thickness means more defects density, higher 

stress concentration sites and an early failure under applied load.  

Substrate pre-treatment: The pre-treatment and cleaning of the substrate also affect the 

adhesion. For example, the grinding or sandblasting of the substrate surface before 

deposition creates a substructure on it, which helps in the improvement of adhesion of thin 

film by reducing the residual stresses [78]. 

There are many other factors which can affect the adhesion of thin films to the substrate like 

procedure of deposition, rate of film deposition, purity of the source, pressure inside coating 

chamber etc. [2].    

There are different methods available to qualitatively and quantitatively analyze the 

adhesion of thin films to the substrates. These methods include tensile 

method [4,6,21,27,28], scratch test [2,23,29,30], three point [29] or four point [30] bend test, 

peel test [2], nano-indentation [3,31-33], Rockwell C method [34] etc. Most of these methods 

give qualitative information about the interfacial strength of the coatings. Some of the 

methods will be discussed here. 

2.4.4. Tensile Testing of Thin Brittle Films on Ductile Substrates and Adhesion 
Measurement 

Overview 

One of the important methods for analysing the fracture and adhesion strength of thin films 

is the uniaxial loading of the coating/substrate systems. In-situ tensile tests have shown their 

value for studying fracture and delamination behaviour of the thin coatings 

[4,5,16,21,28,36,105]. Furthermore, the stress transfer from the substrate to the coating 

under load [4,5,16,21,27,36] and the effect of different material properties on the stress 

transfer can be studied [6,106]. The behaviour of different sized cracked coating segments 

with reference to stress transfer, stress distribution and cracking can also be studied 

[5,7,16,21,28,35,38]. Different techniques based on Agrawal and Raj method [36] allow the 

determination of interfacial strength of the coating using mean saturated crack spacing as an 
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indicator. For thin substrates, the internal stress in the film under straining can also be easily 

determined from the reference measurements on an uncoated specimen [38].  

Mechanism of cracking and delamination of thin brittle films on ductile substrates 

The mechanism of cracking of a brittle-film/ductile-substrate system is a bit complex as it 

involves the elastic deformation of the coating and elastic-plastic deformation of the 

substrate. Unidirectional tensile loading causes the thin brittle film to produce parallel cracks 

in the transverse direction (Fig. 2.15a) and the crack spacing is reduced as the applied strain 

is increased until the crack spacing is saturated and no further cracks are formed. Rather 

delamination occurs along the interface (Fig. 2.15b) if the interfacial shear stress reaches a 

critical value due to the substrate deformation [5,6,21,27,37,38] or the localized plastic 

deformation proceeds in the substrate regions between cracks (Fig. 2.15c) [6,16,27,37]. 

Under tensile load, the parallel through thickness cracks can initiate from any surface or 

       

    

Fig. 2.15. (a) Parallel through thickness cracking in the coating with strong interface, under tensile 
stress; (b) delamination in the coating with weak interface, under tensile stress; (c) localized 
deformation in the substrate in the vicinity of crack openings and (d) spallation of the coating 
through buckling, under compressive stress.  
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sub-surface defect in the coating and the development of these cracks generate shear stress 

along the interface, which can result in the delamination. If the coating is under compressive 

stress then spallation can also occur by buckling (Fig. 2.15d) of the coating [4,107,108]. 

Methods based on Agrawal and Raj shear lag model 

The classical analytical model to analyse the stress transfer across the interface is the shear 

lag model and it was originally developed by Cox [109]. The analytical method based on 

tensile testing to estimate the fracture and delamination strengths of the coatings was 

introduced by Agrawal and Raj [36]. According to their model, under uniaxial loading, 

initially the composite of thin brittle film and ductile substrate deforms uniformly, and the 

same strain is applied to the substrate and the film. The film deforms elastically and the 

substrate undergoes elastic-plastic deformation. The first cracking of the coating leads to 

cracked coating segments, which have free edges. Now, the coating can no longer be loaded 

by the tensile testing machine, rather the stress is transferred from the substrate to the coating 

segments. The formation of the coating segments generates shear stress along the film-

substrate interface, which can cause de-cohesion of the coating. Agrawal and Raj [36] used 

the saturated mean crack spacing for the approximation of interfacial shear strength and the 

first fracture strain for the estimation of tensile strength of the coating. They proposed 

following equations: 

𝜎� = 𝜀𝑓𝐸 
 

2.18 
  

�̂� =
𝜋𝛿𝜎�
�̂�

 

 

2.19 
  

Eq. 2.18 gives the tensile strength of the film 𝜎�, where 𝐸 is the Young’s modulus of the film 

and 𝜀𝑓 is the first fracture strain. Eq. 2.19 gives the interfacial strength of the coating �̂�, where 

𝛿 is the film thickness and �̂� is the mean saturated crack spacing. For cracked coating 

segments, Agrawal and Raj [36] proposed a parabolic normal stress profile, at the surface of 

the coating, with zero stress at the edges and maximum tensile stress in the middle of the 

segment (Fig. 2.16a). For shear stress, they proposed a sinusoidal stress profile at the 

coating/substrate interface (see Fig. 2.16b) with zero stress at the edges and at the center of 
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coating-segment. Following equation was proposed for the normal stress distribution based 

on shear stress distribution:  

𝜎(𝑥) = 𝜎�𝑠𝑖𝑛2
𝜋𝑥
�̂�

 

 

2.20 

  

where 𝑥 ≤ 𝐿 and 𝐿 is the length of the cracked coating segment. Different other workers 

[5,6,16,28,105] have suggested a different kind of shear stress profile at the interface as 

shown in Fig. 2.16c. In this profile the shear stress is maximum at the edges and zero at the 

center, and this high shear stress at the edges leads to delamination cracks starting from the 

edges [16,27,106,107] as shown in Fig. 2.15b.  

 

Fig. 2.16. Schematic illustration of cracked coating segments with shear (a and b) and tensile stress 
distribution (c). (a) shear stress distribution predicted by Agrawal and Raj [36], (b) shear stress 
distribution by other workers [5,6,16,28,105]. 
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In literature different shear lag models have been presented based on Agrawal and Raj [36] 

method. Chen et al. [105] modified the classical shear lag model and included the effect of 

residual stress on the fracture strength of the coating. They proposed following equations:  

𝜎� = 𝜎𝑎 + 𝜎𝑅 
 

2.21 
  

�̂� =
4𝛿𝜎�

𝜆𝑜(𝜋 + 4)
 

 

2.22 

  

where 𝜎� is the effective fracture stress of the coating, 𝜎𝑅 is the residual stress present in the 

coating and 𝜎𝑎(= 𝐸𝜀𝑓) is the apparent fracture stress of the coating. 𝜆0 is the inter crack 

spacing. 

Hseuh and Yanaka [21] further improved the shear lag model and added the effects of 

external loading and mismatch strain to their previously modified shear lag model [110] to 

analyze the stress distribution in cracked coating segments using strength and energy criteria. 

He proposed the following model for normal stress distribution on the film surface:  

  𝜎𝑓 =
𝐸𝑓

(1 − 𝜈𝑓)
⎣
⎢
⎢
⎢
⎡
(1− 𝜈𝑓𝜈𝑠)𝜀𝑎

1 + 𝜈𝑓
−

∆𝜀

1 +
ℎ(1 − 𝜈𝑓𝜈𝑠)𝐸𝑓
𝑠(1 − 𝜈𝑓2)𝐸𝑠 ⎦

⎥
⎥
⎥
⎤
∙ �1 −

cosh(𝛼𝑥)
cosh(𝛼𝐿)�      (𝑓𝑜𝑟 − 𝐿 ≤ 𝑥 ≤ 𝐿) 
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where  

𝛼 = �
3

2𝑠ℎ(1 + 𝜈𝑠)
�
𝑡
𝑠

+
(1 − 𝜈𝑓2)𝐸𝑠

(1 − 𝜈𝑓𝜈𝑠)𝐸𝑓
��

1/2

 

 

2.24 
  

 
Here ∆𝜀 is the mismatch strain in the coating relative to the substrate due to residual stress, 𝐿 

is the length of half cracked coated segment, 𝑥 is the distance along segment length, ℎ is the 

thickness of the coating, 𝑠 is the thickness of the substrate and 𝜀𝑎 is the applied strain. 𝐸𝑓, 𝐸𝑠 

and 𝜈𝑓, 𝜈𝑠 are the Young’s moduli and the Poisson’s ratios of the film and the substrate, 

respectively. Using above equations, they presented following stress distribution in the SiOx 

film segments of two different lengths on PET substrate (see Fig. 2.17).  

In both figures (Fig. 2.17a and b) at 𝜀𝑎 = 0, the coating segments are under compressive 

residual stress and the value of this stress is less in the smaller segment. With the application 
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of strain to the substrate, the residual stress is evolved and the segments enter in the tensile 

regime. It can be seen that smaller segment needs more strain to get same level of stress as in 

the bigger segment. This effect of segment size on the stress transfer has been shown by 

many researchers [5,7,16,21,28,35,37,38,105]. Furthermore, the larger coating segment 

produces a plateau like stress distribution and the smaller segment develops a parabolic 

shape stress profile. 

 
Fig. 2.17. Normal stress distribution on the surfaces of two SiOx film segments bonded to PET 
substrates (a) L = 71 µm and (b) 3.6 µm [21].  

In another work by Frank et al. [4] further extended the approach of Hseuh and Yanaka 

[21]. Their model describes the failure mechanism of thin brittle film with residual stress 

under unidirectional loading to create a relationship between film fragmentation and buckle 

formation. With this model, they derived an analytical solution for bi-axial stress field in a 

single cracked coating segment attached to a uniaxially loaded substrate. They proposed that 

the formation of cracks not only relaxes the tensile stress in the coating segment but also 

induces compression in the perpendicular direction that finally leads to buckled 

delamination. They proposed the following Eqs. 2.25, 2.26 and 2.27 to calculate the stress 

distribution on the surface of cracked coating segments in two perpendicular directions. 

    𝛼𝑥(𝜒) = �
𝐸𝑓𝜀𝑎

�1 − 𝜈𝑓2�
�1 − 𝜈𝑓𝜈𝑠� + 𝜎𝑟𝑒𝑠� ∙ [1 − 𝑓(𝜒, 𝜆)] 2.25 

 𝛼𝑦(𝜒) =
𝐸𝑓𝜀𝑎

�1 − 𝜈𝑓2�
�𝜈𝑓�1 − �1 − 𝜈𝑓𝜈𝑠� ∙ 𝑓(𝜒, 𝜆)� − 𝜈𝑠� + 𝜎𝑟𝑒𝑠�1 − 𝜈𝑓 ∙ 𝑓(𝜒, 𝜆)� 2.26  

(a) (b) 

L L 

x/L x/L 
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𝑓(𝜒, 𝜆) = �
cosh(𝜒 𝜆⁄ )

cosh(1 2𝜆⁄ )
�     2.27 

Where 𝜀 is the applied strain, 𝜎𝑟𝑒𝑠 is the residual stress in the coating, 𝜒 = 𝑥/𝐿 with −0.5 ≤

𝜒 ≤ 0.5 and it is the normalized length, and 𝜆 = 𝜉/𝐿 where 𝜉 is the width of stress relaxation 

zone (see Fig. 2.18). The stress distributions, in coating segments bonded to the substrate, in 

tensile direction obtained by solving Eq. 2.25 is similar to the one presented in Fig. 2.17.  

 

Fig. 2.18. The schematic representation of the strain relaxation zones in a coating segment with 
L<<W [4]. 

All the shear lag models nicely describe the stress distribution and evolution in the cracked 

coating segments under elastic deformation of the substrate, but do not consider the effects of 

segment edges and plasticity of the substrate. 

Edge effects and shear lag models 

All the shear lag models presented in literature so far do not explain the edge effects of the 

cracked coating segment on the stress transfer from the substrate to the coating, on the 

normal and shear stress distributions on the surface and at the interface of the coating 

segment. Krishnamurthy and Reimanis [16] and Nekkanty et al. [6] showed with finite 

element simulations that a cracked coating segment under tensile load generates a normal 
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stress distribution on the surface of the film-segment, having tensile stress at the middle and 

compression near the edges with zero stress at the edges. Whereas the normal stress 

distribution developed by shear lag models do not show any compression near the edges of 

the coating segments but rather stress directly goes to zero at the edges [4,5,21,28,36] (see 

Fig. 2.19a for comparison). Nekkanty et al. [6], furthermore showed that the compression 

near the edges is due to bending of the coating segment under the deformation (elastic or 

elastic-plastic) of the substrate. Xie and Tong [27] showed that the shear stress distribution at 

the coating-substrate interface is also affected by the edges of the coating segment and the 

shear stress goes from the maximum near the edge to zero at the edge (see Fig. 2.19b for a 

half segment length). 

       

Fig. 2.19. (a) Comparison of the normal in-plane stress profiles, in a film segment, calculated by 
shear lag model and FE simulations, under tensile load [16]. (b) Shear stress profile made with FE 
simulation in a half coating segment [27]. 

Interfacial strength by shear lag model and von Mises’ yield criterion 

According to the von Mises’ yield criterion the shear yield strength of a material is 1/√3 

times the tensile yield strength i.e., 𝜏𝑦 = (1/√3)𝜎𝑦 [111]. In a coating/substrate system, the 

maximum shear stress generated at the interface is limited by the tensile yield strength of the 

substrate. During the tensile testing of a coated substrate, the de-cohesion of the coating will 

occur only if the interfacial shear strength is less than the shear yield strength of the substrate 

[27]. Xie and Tong [27] have discussed, if the shear stress generated at the interface is higher 

than the critical interfacial fracture strength of the film then delamination will occur. 

Otherwise localized substrate deformation will be started between cracks. They have shown 
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that the shear lag models [5,7,112] based on Agrawal and Raj [36] method, are only 

applicable to those film/substrate systems in which interfacial strength is lower than the 

shear flow strength of the substrate and the delamination does occur. In other cases in which 

no delamination occurs and the adhesion strength is higher than the shear flow strength of 

the substrate, the shear lag models cannot be used for the measurement of interfacial strength 

and can only give a lower bound estimation of the interfacial shear strength. 

Effect of different material properties on the stress transfer to the coating 

Nekkanty et al. [6] have shown in his work using FE-simulations that different materials 

properties like Young’s modulus of the coating or interlayer, Yield strength/work 

hardenability of the interlayer and residual stresses in the coatings affect the stress transfer to 

the coating form the substrate and the cracking behaviour of the coating, under the tensile 

deformation of the substrate. They got the following results: 

(a) The higher the Young’s modulus of the coating, the higher will be the stress transfer to 

the coating at the lower applied strain, and the cracking will start earlier in the coating 

and vice versa. This will also result in earlier crack saturation with finer crack spacing. 

(b) The interlayer with higher strain hardening (less deformable) will transfer the stress at 

higher rate to the coating compared to a softer interlayer, in the plastic regime. As a 

result there will be less localized substrate-plastic deformation in the crack openings and 

less bending of the coating segments. This will lead to a faster reduction in crack spacing.  

(c) In case of a softer interlayer, there will be more localized substrate-plastic deformation 

(larger crack openings), more bending of the coating segments and slower reduction in 

crack spacing due to low stress transfer to the coating.  

(d) The presence of compressive residual stress can also lead to delayed cracking of the 

coating.   

2.4.5. Macroscopic Methods of Adhesion Measurement 

There are several standard macroscopic methods available to analyze the adhesion of thin 

films like: Rockwell C adhesion test, scratch test, peel test, abrasion test etc. In this work 

only Rockwell C and scratch tests have been used for the adhesion analyses, therefore, the 

details of these two methods will be discussed here. 
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Rockwell C adhesion test 

The Rockwell C indentation test is a destructive quality assurance test for coated materials 

and is prescribed by the VDI 3198 standard. In this method a conical diamond indenter is 

allowed to penetrate into the surface of a coated substrate (see Fig. 2.20a for testing 

procedure), which then produces plastic deformation in the metallic substrate and fractures 

the coating. The maximum applied load is 1471 N. The damaged specimen is then analyzed 

with a conventional light microscope or with a scanning electron microscope. The intensive 

stress transfer from the substrate to the film during indentation and the contact geometry 

 
 

 

Fig. 2.20. (a) The principle and indentations chart for Rockwell C adhesion test. (b) Two typical 
examples of coatings with Rockwell C impressions for good and bad adhesions [113].  
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HF2 
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develop very high shear stresses at the interface of the film and the substrate. As a result, the 

coatings with good adhesion withstand these high shear stresses and do not produce high 

circumferential delamination in the film around the indent. Fig. 2.20a shows four levels (H1 

to H4) of acceptable coating failures after Rockwell C indentations, which guarantee the 

higher interfacial adhesion of the film to the substrate. Whereas, the films with weak 

adhesion produce a large scale extended circumferential delamination (see Fig. 2.20a for H5 

and H6 levels) due to high interfacial stresses generated by the indentation. Fig. 2.20b shows 

two typical examples of the coatings with Rockwell C impressions for good and bad 

adhesions [113]. Rockwell C adhesion test is a very fast and easy method to qualitatively 

analyze the adhesion of coated substrates and involves very simple equipment.  

Scratch testing 

The scratch testing is another standard destructive method to testify the adhesion of 

coating/substrate systems. This test is performed according to VDI-3824 standard. The 

testing procedure is shown in Fig. 2.21. In this method a Rockwell C tip with a radius of 

~200 µm is pressed then moved across the surface of coated substrate with a constant 

velocity but with continuously increasing normal load (ramp load). The typical length of the 

scratch channel is 10 mm and the load is applied @ 1N/sec. The typical range of load is 

0−200N in a standard scratch tester and during a typical scratch test the difference between 

maximum and minimum applied load is not more than 100 N. In case of extremely hard 

coating like crystalline diamond on steel or Ti-alloys, a hardened steel ball indenter can also 

 

Fig. 2.21. The procedure of scratch testing of coated substrates for adhesion analyses [114]. 
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be used instead of diamond indenter to prevent the damage to diamond tip by hard diamond 

coating. The diamond indenter develops extremely high shear stresses at the interface 

between the film and the substrate due to the stress transfer from the substrate to the film 

under plastic deformation in the substrate. This high shear stress causes the delamination of 

the coating if the coating has weak adhesion; otherwise the coating withstands these high 

shear stresses during scratching. The surface of the scratched coating is analyzed with a light 

or a scanning electron microscope for damage observation. Fig. 2.22 shows a comparison of 

the scratch tested nitride tool steel samples for good and bad adhesion of the coating. 

 

Fig. 2.22. The comparison of scratch tested nitride tool steel samples with good and bad adhesion 
examples [115]. 
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3. EXPERIMENTS AND METHODS 

3.1 Coating systems and Deposition Process 

In this work three polycrystalline diamond coating systems were investigated which include 

diamond/pure-Ti, diamond/Ti-6Al-4V and diamond/X46Cr13 steel systems. All of the 

coated samples were provided by the Institute of Technology of Metals (WTM), Department 

of Materials Science and Engineering, University of Erlangen-Nuremberg. The purpose of 

this work is to develop a deep understanding for the cracking and delamination mechanisms 

of hard-brittle coatings on the ductile substrates and also to study the influences of substrate 

mechanical properties on the stress transfer, and on the fracture and adhesion strength of the 

coating. 

In case of pure-Ti and Ti-6Al-4V alloy, which are most widely used in electrochemical and 

aerospace applications, the diamond was directly deposited because of their carbide forming 

ability (see section 2.2.6). But for X46Cr13 alloy, which is used in cutting and surgical tools, 

an interlayer of TiBN was employed to reduce the diffusion of process carbon and hydrogen 

into the substrate and to diminish graphitization (see section 2.2.7). The chemical 

composition of the substrate materials can be found in Table 3.1.  

Table 3.1. Chemical composition of substrate materials [116]. 

Substrates Chemical composition 

Pure-Ti Ti  
99.99% – – – – – – – 

Ti-6Al-4V Ti 
87.7–91.0% 

V 
3.5–4.5% 

Al 
5.5–6.75% 

C 
≤ 0.08% 

H 
≤ 0.015% 

Fe 
≤ 0.4% 

O 
≤ 0.2% 

N 
≤ 0.03% 

X46Cr13 
C 

0.6% 
Cr 

13.5% 
Mn 

0.4% 
Si 

0.4% 
P 

≤ 0.025% 
S 

≤ 0.01% 
– – 

In case of the pure-Ti substrate two types of samples were used: Ti-foils (100 µm thick) and 

Ti-sheet (1 mm thick). The thickness of Ti-6Al-4V alloy samples was 0.5 mm and of 

X46Cr13 steel samples was 1 mm. All the samples except Ti-foils were sand blasted with SiC 

particles before diamond deposition to create a surface substructure in order to reduce the 

residual stresses in the coating on cooling after diamond deposition and also to improve the 
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adhesion (see sections 2.2.7 & 2.4.3). The Ti-foils were rinsed for 15-20 minutes in acetone 

in an ultrasonic bath and dried before coating. 

As the coated specimens were to be used for tensile testing, therefore, the substrates were 

machined to dog-bone-shaped samples before diamond deposition. The diamond coating on 

pure-Ti and Ti-6Al-4V alloy was conducted using a hot-filament chemical vapour deposition 

plant (CemeCon CC800DIA-05). This diamond coating plant is shown in Fig. 3.1. For 

X46Cr13 steel samples, the TiBN interlayer was coated first using a hot wall CVD reactor 

then crystalline diamond film was deposited using a WTM-self-constructed hot-filament 

CVD plant. A mixture of CH4 and H2 gases was used for diamond deposition; CH4 for the 

source of carbon and H2 to etch graphite. The CVD diamond deposition parameters for all 

the substrates are shown in Table 3.2. In all the coating processes, the diamond thickness 

was targeted between 1–2 µm and both sides of the samples were coated. 

Table 3.2. CVD process parameters for diamond deposition. 

Parameters 
Pure Ti-foils 

100 µm thick 

Pure Ti-sheet 

1 mm thick 

Ti-6Al-4V 

0.5 mm thick 

X46Cr13 steel 

1 mm thick 

CH4:H2 1.2–1.6% 1.4–1.6% 1.4–1.6% ~1.6% 

Process pressure 10 mbar 10 mbar 10 mbar 10 mbar 

Flow rate of gases 1000 ml/min 1000 ml/min 1000 ml/min 500 ml/min 

Deposition time ~7 h ~7 h ~7 h ~10 h 

Filaments 
temperature 

~2000 °C ~2000 °C ~2000 °C ~2000 °C 

Substrate 
temperature 

700–800 °C * 700–750 °C * 700–750 °C * 800–900 °C * 

Distance between 
filaments and 

samples 
~25 mm ~25 mm ~25 mm ~20 mm 

* Direct temperature measurement of the substrate was not possible. These temperature values have been 
estimated from a Nb or Ti-dummy placed along the samples. Temperature on the substrate surface is normally  
50 °C higher than the dummy.   
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Fig. 3.1. (a) Hot filament chemical vapour deposition chamber used for diamond coating, (b) inside 
view of the CVD chamber showing filaments. 

The thin Ti-foils could not be hanged individually in the coating chamber because of their 

thickness and delicacy, and due to distortion problems. Therefore, steel frames were 

designed to clamp the samples and then the whole assembly was hung in the CVD chamber 

with steel wires. The geometry of the steel frame with the samples is shown in Fig. 3.2. All 

the other thick tensile samples were hung individually in the CVD chamber with steel wires.  

 

Fig. 3.2. (a) The Ti-foil tensile samples hanging inside the CVD chamber between the filaments. The 
temperature measuring dummies can also be seen. (b) The design of the steel frame to clamp the Ti-
foils. 

The coated samples from the CVD deposition chamber came out straight with only 

minimum distortion as shown in Fig. 3.3.  

hot filamnet CVD 
chamber 

filaments  
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Fig. 3.3. The 100 µm titanium-foils after CVD diamond deposition. 

3.2 Microstructural Characterization 

3.2.1. Scanning and Focused Ion Beam Microscopy 

The surface and cross section analysis of the coated samples was carried out using a Zeiss 

Esb 1540 Dual Beam Focused Ion Beam (FIB) microscope. The dual beam setup consists of 

a field emission source (an electrons gun) and a gallium ions gun. The field emission source 

is used for scanning electron microscopy (SEM) whereas the gallium ions gun is used for FIB 

microscopy. SEM is especially used for the surface analyses, and the imaging of the surface 

can be done with either back-scattered electrons or the secondary electrons. The maximum 

accelerating voltages are 20 kV for the electrons. FIB is used for making small cross sections, 

TEM lamellae and submicron/nano–scaled samples for micro/nano–mechanical testing. A 

gas injection system (GIS) is also available in the microscope, which can be utilized to 

deposit Pt and W metals wherever required. Chemical water can also be sometimes used 

from the GIS along with FIB milling to make smooth cross sections.  

In this work, the surface of the diamond coated samples was scanned with FIB microscope 

for the microstructure, grain size and surface roughness. The coated samples were also cross-
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sectioned with FIB to observe the microstructure & thickness of the diamond film and the 

interlayer.  

After tensile testing, the post mortem characterization of the diamond coated samples was 

done with FIB for the in-depth damage analyses. The tensile cracks and delaminated areas 

were cross sectioned with FIB to observe the depth of through thickness cracks and to detect 

the location of delamination cracks. The Rockwell and scratch tested samples were also 

studied with FIB microscope for the damage analyses. 

Method to prepare cross-sections in diamond coated samples 

As diamond is the hardest material and its extreme hardness makes it a bit difficult for the 

gallium-ions to carry out milling in the diamond film for making cross-sections. Therefore, a 

multilayered milling operation was selected for cross-section milling. This operation 

consisted of two main steps: coarse milling operation and fine milling operation. Before FIB 

milling, a thin layer of Pt was also deposited on the diamond surface to make smooth cross 

sections. In the coarse milling step a trapezoidal shaped geometry (see Fig. 3.4a) was 

selected on the CVD diamond surface with a width of ~10–20 µm and a depth of ~10 µm. 

The coarse milling step was carried out in 2 to 3 milling layers using a 2 nA current. 

Normally the range of currents for coarse milling is 2–50 nA. After this step a rough cross 

section was obtained. Further fine milling or polishing of the cross-section was carried 

   

Fig. 3.4. (a) The surface of the CVD diamond film before FIB milling with trapezoidal shaped 
drawing on it. (b) An FIB milled cross-section showing deposited Pt on the surface, thin diamond 
film and TiC interlayer. 
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out using 200 or 500 pA current. Due to high hardness of the diamond film, the gallium-

ions-beam could not produce the cross-section up to the selected depth; therefore, large 

depth had to be selected e.g., for a depth of 10 µm only 6–7 µm depth was achieved after 

milling. After the preparation of cross-section, imaging was performed with the SEM. A 

typical cross section of diamond coated titanium substrate is shown in Fig. 3.4b.   

Sample preparation for the residual stress analysis by Digital Image Correlation 

FIB technique can also be used for the residual stress analysis in thin films by employing a 

trench cutting technique. Using focused ion beam technique, rectangular bars were milled in 

the diamond thin film at sub-micron scale with deep trenches (deeper than the coating 

thickness) along the longer sides of the bar (see Fig. 3.5). The purpose of this trench milling

 

   

Fig. 3.5. (a) The surface of the diamond coating with cross-marks before FIB-milling. (b) High 
magnification image of the same location before milling. (c) The diamond thin film with milled bar 
showing trenches on both sides. The direction of the stress relief is also shown with arrows. (d) The 
same milled bar at higher magnification. The location of the trench can also be seen. 
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was to produce a strain relief in the film perpendicular to the longer sides of the milled bar. 

The strain relief was then measured by digital image correlation software and micro-Raman 

spectroscopy. Here only the sample preparation method will be discussed. 

In the sample preparation method, no surface sputtering or patterning was used because 

many fine diamond crystallites were present on the film surface for displacement 

measurement. Before milling operation, the selected area was marked by two FIB crosses 

(see Fig. 3.5a) to remember the location. Afterwards, high resolution images of this location 

were captured at different magnifications. Two of these pictures are shown in Fig. 3.5 (a & b) 

at 2000 × and 8,000 × magnification. The sample stage was then tilted to a position 

perpendicular to the FIB gun and two 40 µm long trenches (which were 10 µm apart) were 

milled at the same location  (see Fig. 3.5c) using a milling current of 2 nA. An aspect ratio of 

1/4 was maintained between longer and shorter sides of the rectangle. As a result a 

rectangular bar was obtained with deep trenches along the longer sides. After the milling 

operation was completed, the sample stage was adjusted perpendicular to the electron beam 

and the sample was positioned exactly to the same location where it was before FIB-milling, 

with the help of cross marks. Again high resolution images of the milled bar were captured at 

2000 × and 8,000 × magnifications as shown in Fig. 3.5 (c and d).  

3.2.2. Energy Dispersive X-ray (EDX) Analysis of the Cross Sections 

The EDX or EDS is used for the elemental analysis and chemical characterization of a 

material. This investigation is based upon the analysis of the energies of X-rays produced by 

the interaction of electrons with the material. In a SEM (scanning electron microscope), the 

electrons from the field emission cathode interact with the sample and as a result absorbed or 

backscattered. This process also results in the generation of X-rays, which can be detected by 

a silicon based detector. Each element has its own electronic structure and produces its own 

characteristic X-rays with distinctive energies or wavelengths. These unique energies of the 

X-rays are used for the identification of different elements present in the sample. 

In this work, metallographically polished cross-sections of diamond/Ti, diamond/Ti-6Al-4V 

and diamond/X46Cr13 systems were analyzed with EDX system of Zeiss Esb 1540 Dual 

Beam microscope. For EDX analysis 20 kV accelerating voltages were used and the manual 
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line scans were performed across the cross-sections. A cross-section of diamond/Ti sample 

with a line scan is shown in Fig. 3.6. 

 

Fig. 3.6.The polished cross-section of diamond/Ti sample used for EDX analysis. A line scan can be 
seen in the figure.  

3.2.3. X-ray Diffraction Phase-analysis 

With X-ray diffraction, the phases of crystalline materials can be analysed. The 

monochromatic X-ray beam is allowed to interact with the material at different angles; as a 

result the X-ray beam is diffracted from material’s lattice planes and collected by a detector 

to give characteristic X-ray diffraction pattern for different kind of analyses. 

The diamond coated pure-Ti, Ti–6Al–4V alloy and X46Cr13 steel samples were studied with 

a divergent beam X-ray diffractometer (XRD) at the WW3-institute (institute of Glass and 

Ceramics at the University of Erlangen-Nuremberg). The diamond coated samples were 

analyzed with XRD in as-grown state for the texture/phase analysis. The X-ray analysis was 

carried out using Cu k-alpha X-rays (wavelength: 1.5418 Å) in a 2-theta range of 0°–100°. 

3.2.4. Surface Roughness Analyses 

The surface roughness of different diamond coated metallic samples was measured using 

Atomic force microscope (Dimension 3100 AFM at the instituteWW1) and Topography 
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measurement machine NanoFocus µSurf (at the LFT institute of University of Erlangen 

Nürnberg).  

The AFM comprises of a cantilever having a sharp tip made of silicon nitride. The radius of 

curvature of the tip is of the order of nanometers. For surface analyses, the tip is brought in 

the vicinity of the sample surface and allowed to scan. The force between the sample and the 

tip during surface scanning causes the cantilever to deflect elastically. The deflection is 

measured with the help of a laser beam that is focused on the surface of the cantilever and 

detected by an array of photo-diodes after reflecting from the cantilever surface (see Fig. 3.7). 

The AFM is used in contact, tapping and non-contact imaging modes.  

 

Fig. 3.7. The schematic illustration of the working of an atomic force microscope. 

The measurement principle of NanoFocus µSurf is based on the white light confocal 

technique. The whole system comprises of a compact confocal measurement head mounted 

on a stable stand and driven by a motor in vertical direction. The sample to be analyzed is 

placed on a x-y stage. For non-contact measurements like surface roughness of the coatings, 

the sample is positioned on the measurement x-y stage and the confocal system is allowed to 

move in vertical direction step wise. With this system it is possible to precisely measure the 

optically complex surfaces with high vertical and lateral resolution. The surface to be 

analyzed is illuminated through the objective lens of the confocal microscope. After 

illumination whole sensing head or only the objective lens moves vertically by means of a 

piezo-drive to scan different height levels on the surface. Only the focused light beams are 

able to reach the CCD detector and rest of the unfocused light is stopped by a pinhole so that 

a single point can be measured (see Fig. 3.8). The regions on the surface which are at the 
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same height levels are mapped on the CCD chip. Afterwards, the recordings of different 

height levels are joined to form a 2D or 3D image [117]. 

 

Fig. 3.8. The schematic illustration of the working of a confocal based topography measurement 
machine (µSurf) [117]. 

For the surface roughness measurements with AFM, a scan area of 50 µm 𝗑 50 µm was 

selected and the microscope was used in the contact mode. The scan rate for the topographic 

imaging was ~ 0.40 Hz. In case of measurements by topography measurement machine 

(µSurf), a scan area of 800 µm 𝗑 800 µm was used and the scan accuracy was 0.3 µm. 

3.3 Residual Stress Analysis 

The evaluation of residual stresses in CVD diamond thin films was carried out using micro-

Raman Spectroscopy and FIB-DIC technique. The experimentation detail of these methods 

is given below. 

3.3.1. Micro-Raman Spectroscopy 

Micro-Raman spectroscopy is a useful technique to investigate the residual stresses present 

in the thin CVD diamond films. The literature about the principle & working of a Raman 

spectrometer and the characterization of CVD diamond films by Raman spectroscopy has 

already been provided in section 2.3.  
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The as-diamond coated samples of pure-Ti, Ti–6Al–4V alloy and X46Cr13 steel were 

investigated with micro-Raman spectroscope (Renishaw–2000 at WTM) to analyze the 

nature and magnitude of the residual stresses present in the diamond film. This spectrometer 

is shown in Fig. 3.9. For Raman analysis, a green laser light was used with a wavelength of 

514 nm and a laser spot size of ~2–5 µm. The spectral resolution of this Raman spectrometer 

is 0.1 cm−1, where an integral signal of the diamond film in a depth range of 1–2 µm was 

acquired. The laser spot was focused on the surface of diamond film using 20 × (numerical 

aperture = 0.40) and 50 × (numerical aperture = 0.75) objectives. Before analysis, the Raman 

spectrometer was calibrated using a Si single crystal sample for a characteristic wavenumber 

of 520 cm−1. For a single Raman analysis an average of three scans was taken to minimize 

the scatter. The sample was also rotated to 90° to check the biaxiality of residual stress. 

For the stress calculations in the diamond thin film from the acquired Raman spectra, the 

characteristic diamond peak shift was measured with reference to stress free diamond peak at 

1332 cm−1. Fig. 3.10 shows an example of the characteristic diamond peak shift with respect 

to stress free diamond at 1332 cm−1. To verify this wavenumber, Raman spectra were 

acquired from the delaminated diamond flakes (see Fig. 3.11 for delaminated diamond 

flakes) which yielded a similar value (1332 cm−1) on the average. This value is similar to the 

one used by many researchers [12,25,41,50-52,72,93,94]. The stress calculation methods 

form Raman spectra are discussed in detail in section 2.3.3. The standard deviation in the 

evaluated stress from the Raman spectra was ±0.2 GPa.  

 

Fig. 3.9. The Renishaw-2000 Raman spectroscope.  
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Fig. 3.10. Comparison of Raman spectra of stress free CVD diamond film with characteristic peak at 
1332 cm−1 and film having compressive stress with characteristic peak shift at 1343 cm−1.  

 

Fig. 3.11. The delaminated diamond flakes showing the locations of Raman measurement. 

In the current work, micro-Raman spectroscopy was used for different in-situ experiments. 

Different diamond coated substrates were tested in-situ in Raman spectrometer in a load-

unload tensile experiment to observe the evolvement of residual stress in the coating. 

Different sized cracked coating segments were also analyzed in-situ for the stress distribution 

in loaded and unloaded state, under applied tensile strain. These experiments will be 

discussed in detail in section 3.4.4.  
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This spectroscopic technique was also applied on FIB milled submicron rectangular bars (see 

section 3.2.1) to analyze the stress relaxation in the coating induced by FIB-trenches. The 

Raman scanning was carried out along the longer sides and middle of the milled bars. FIB-

milled bars, prepared in two perpendicular directions, were used in this experiment to check 

the biaxial nature of the residual stress. The laser spot size was ~2–3 µm and 50 × (numerical 

aperture = 0.75) objective was used to focus the laser light on the sample. Fig. 3.12 shows 

one of the rectangular bars with Raman scan lines. 

  

Fig. 3.12. Focused ion beam (FIB) milled rectangular bar with Raman scan lines along the sides and 
in the middle. 

3.3.2. FIB–DIC Method for Residual Stress Analysis  

Digital image correlation (DIC) is a very convenient method to measure the displacement or 

strain in materials at micro/nano scales. Here it has been coupled with focused ion beam 

(FIB) milling for the analysis of residual stress present in the diamond thin film.  

The FIB was used to prepare the samples comprising of rectangular bars with trenches along 

the longer sides as shown in Fig. 3.5c. The method of sample preparation has already been 

discussed in section 3.2.1. The strain relief in the diamond film produced by FIB trenches 

was measured by digital image correlation (DIC). The high resolution images taken before 

and after the milling operation were correlated using a DIC software Veddac 5.0 

(Chemnitzer Werkstoffmechanik GmbH, Germany). The correlation parameters were 

selected with respect to the image quality, and the drift was also corrected for the two 

10 µm 
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images. The displacement (see the direction of arrow in Fig. 3.13) produced in the diamond 

film by FIB-milling was then measured with DIC and plotted against the pixel 

positions/distance on the image. From this plot, strain was calculated and converted into 

stress. Fig. 3.13 shows the image of the FIB-milled bar with contours plots from digital 

image correlation (DIC). 

 

Fig. 3.13. FIB-milled bar after digital image correlation. The coloured striations are showing 
displacements in two opposite directions in the bar induced by FIB milling. 

3.4 Tensile Testing of Diamond Coated Metallic Substrates 

In order to understand the ‘stress transfer and damage mechanisms’ and residual stress 

evolvement in thin brittle diamond films on ductile substrates, in-situ tensile tests were 

carried out in a Scanning Electron Microscope and a Raman spectrometer. In this section, 

the geometries of the specimens, the setup of the equipment and the procedures of in-situ 

experiments will be discussed. 

3.4.1. Geometries of the Specimens 

For the tensile testing of diamond coated Ti-foils, two different specimen geometries were 

developed (Fig. 3.14a and b). The geometry shown in Fig. 3.14b was used in most of the 

tensile tests because of the higher probability of the final cracking in the middle of the gauge 

length. In order to prepare tensile specimens from thin Ti-foils of 100 µm thickness, the foil 

5 µm 

(pixel positions) 
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was cut into small strips of 50 𝑚𝑚 × 15 𝑚𝑚 dimensions with scissors. Then machined to the 

dog-bone-shaped tensile specimens, and later on coated with diamond at WTM-institute.  

         

Fig. 3.14. The geometries and dimensions of different tensile samples. All the dimensions are in mm. 

From 1 mm pure-Ti and 0.5 mm Ti-6Al-4V alloy sheets, the tensile samples were prepared 

by machining; and for X46Cr13 steel, the tensile specimens were cut out by laser beam at 

LFT-institute (Lehrstuhl für Fertigungstechnologie, University of Erlangen-Nuremberg). The 

geometry for these samples is shown in Fig. 3.14c. After cutting, the specimens were 

diamond coated at WTM-Institute.  

3.4.2. Ex-situ Tensile Testing and Strain Calibration 

In order to check and compare the tensile response of the coated and the uncoated materials, 

the tensile specimens were pulled ex-situ in a Kammrath & Weiss micro-tensile testing 

machine DDS-5000 (Fig. 3.15a). The machine is available with two load cells 500 N and 

5000 N, and two types of sample grips are used: smaller (for thin foils) and bigger (for thick 

samples) as shown in Fig. 3.15b. The resolution of 500 N load cell is 0.1 N and of 5000 N 

cell is 1 N. The machine and its data are controlled via DDS32 software from Kammrath & 

Weiss GmbH, Germany.  

During tensile testing, some components of the machine are elastically deformed and affect 

the elongation measured by the displacement transducer, which increases the overall strain 

(a)-thin foil (b)-thin foil (c)-thick sheets 
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Fig. 3.15. (a) Kammrath & Weiss micro-Tensile testing device. (b) Smaller and bigger grips used in 
machine for thin foils and thick samples, respectively. 

 

Fig. 3.16. Stress strain curves: directly obtained from the load-elongation data from the machine (red) 
and after strain error removal (blue). 

measured and also affect the Young’s modulus of the material system. In order to cope with 

this problem, the displacement was measured externally with the help of a laser 

extensometer, which measures the change in the distance between two white strips attached 
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on the surface of tensile samples. This displacement was converted into the actual sample 

strain and then from the differences in two strain measurements (with and without laser 

extensometer) a stiffness factor was calculated for the machine. This factor was used to 

remove the errors in strain measurements and the Young’s modulus of the samples was also 

corrected with the help of laser extensometer. An example of this error removal is shown in 

Fig. 3.16. 

3.4.3. In-situ Tensile Testing in SEM 

In-situ tensile testing of diamond coated tensile specimens was conducted after mounting the 

Kammrath & Weiss micro-tensile testing machine in JEOL 6400 scanning electron 

microscope. The setup is shown in Fig. 3.17. Due to the space limitations inside the SEM, a 

very small area of the sample’s gauge length was available for observations. The purpose of 

these experiments was to estimate the fracture and adhesion strengths of the coating, and to 

study the effects of different mechanical properties of the substrates on the stress transfer, 

cracking and delamination behavior of the diamond coating. 

 

Fig. 3.17. The setup for the in-situ tensile testing in a scanning electron microscope. The Kammrath 
& Weiss tensile tester is mounted on the sample stage of the SEM. 

Micro-tensile 
testing device 
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For the thin Ti-foils (100 µm thick), smaller sample grips (Fig. 3.15b) and 500 N load cell 

were used. The test speed was maintained at 0.1 µm/sec. The test was interrupted after 

different small strain intervals to record the images, of the cracks and delamination (if 

present), from the surface of the coating. The strain corresponding to each image was also 

recorded. After testing, the crack spacing was measured with an image analysis software 

‘Image J’. The adhesion strengths of different diamond coated specimens were calculated 

using a modified shear lag model based on Agrawal and Raj method [36], (different shear lag 

models have been discussed in section 2.4.4). The strain measurements and Young’s moduli 

were corrected with the machine stiffness factor that was calculated ex-situ with the help of a 

laser extensometer (as discussed above). In case of thick tensile specimens, bigger grips (see 

Fig. 3.15b) and 5000 N load cell were used. The test speed was maintained at ~0.5 µm/sec 

during the test. The rest of the experimental procedure was the same as above.  

After tensile testing, the surface of the specimens was observed in the focused ion beam 

(FIB) microscope at higher resolution for detailed analysis. FIB cross sectioning was carried 

out across some of the tensile cracks and delaminated areas to see the depth of through 

thickness cracks, location of the delamination cracks and crack openings. 

3.4.4. In-situ Tensile Testing in micro-Raman Spectroscope 

The diamond coated tensile samples were also tensile tested in-situ in a micro-Raman 

spectroscope (Renishaw-2000). For in-situ testing, the Kammrath & Weiss micro-tensile 

testing device was placed in the light microscope coupled with a Raman spectroscope (see 

Fig. 3.18). It can be seen in Fig. 3.18 that very limited space is available between the grips of 

tensile tester; therefore, to accommodate the objective lens of the light microscope between 

the larger tensile grips (see Fig. 3.15b), the gauge length of the thick tensile samples was kept 

large as can be seen in Fig. 3.14c. In case of smaller grips and thin foils, there was not such a 

problem for the objective lens.   

The green laser light (with a 514 nm wavelength) was used for the experiments and the size 

of the laser spot was ~4–5 µm. The laser spot was positioned at the center of the coated 

tensile specimen using a light microscope with 20 × objective (numerical aperture = 0.40). 

Before in-situ testing, the Raman spectrometer was calibrated using a Si single crystal sample  
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Fig. 3.18. The setup for in-situ tensile testing in a micro-Raman spectroscope. The Kammrath & 
Weiss tensile tester is mounted on the sample stage of the light microscope coupled with a 
spectroscope. 

for a characteristic wavenumber of 520 cm−1. The surface of the sample was observed on a 

TV screen through CCD camera attached to the light microscope. The test speed was         

0.1 µm/sec for the thin foils and 0.5 µm/sec for the thick samples. The test was interrupted 

after different strain intervals and Raman spectra were acquired from the center of the coated 

samples. The coated specimen was also unloaded after different strain intervals to observe 

the residual stress evolvement with the plastic deformation in the substrate. The strain and 

Raman spectrum corresponding to crack initiation were also recorded. After tensile testing, 

the stress in the diamond film with increasing strain, was evaluated from the characteristic 

diamond peak shifts in Raman spectra with respect to the stress free diamond peak (i.e., at 

1332 cm−1). 

After fragmentation had occurred in the coating, the cracked coating segments of different 
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Fig. 3.19. CVD diamond cracked coated segment with Raman scan lines. 

sizes were scanned across with Raman spectrometer in a loaded and an unloaded state to 

analyse the stress distribution in the segments. An example is shown in Fig. 3.19. The laser 

spot size was ~2–3 µm and 50 × objective (numerical aperture = 0.75) was used to focus the 

laser beam on the coating. For cracked coating segments, the start and end points for the 

measurements were 2–3 µm away from the cracks, because the Raman measurements were 

not clearly resolved at the crack edges. After tensile testing, the surface of the specimens was 

observed in a focused ion beam (FIB) microscope for the post mortem characterization. 

3.5 Macroscopic Methods of Adhesion Measurement 

3.5.1. Rockwell C Test 

The details of this test have already been described in section 2.4.5. The diamond coated 

pure-Ti, Ti-6Al-4V alloy and X46Cr13 steel samples were checked and compared for their 

adhesions with standard VDI 3198 Rockwell C test. The maximum load was 1471 N 

according to VDI 3198 norm and a standard Rockwell diamond tip was used for the test. 

The test was performed at KTmfk (Institute: Konstruktiontechnik), University of Erlangen-

Nuremberg. After the test, the surface was analysed with a light and a scanning electron 

microscope for the damage observations and for surface imaging. Then these images were 

compared with a Rockwell C indentation chart (see Fig. 2.20a) from VDI 3198 standard. 

10 µm 

Crack 

Raman scan lines 
𝝈 



EXPERIMENTS AND METHODS   69 

FIB-cross sectioning was also performed across the cracks for in-depth damage analysis. 

Furthermore, Raman spectroscopy was carried out on delaminated diamond flakes to check 

the stress free state. 

3.5.2. Scratch Test 

The details of scratch test have already been given in section 2.4.5. The scratch test was 

performed on the diamond coated pure-Ti, Ti-6Al-4V alloy and X46Cr13 steel samples to 

compare the adhesion levels of the diamond film. The test was conducted at KTmfk-institute 

using a self-constructed apparatus. The maximum available load in this machine is 200 N. 

For all the samples, the scratch test was carried out on a length of 10 mm @ 1 N/s. The load 

was applied using a hardened steel ball and the load rose linearly from 100–200 N. The load 

range of 100–200 N was selected because no visible delamination was observed between     

0–100 N range. The Rockwell C tip was not used because it could be easily damaged by the 

hard diamond surface. After scratch testing, the samples were analysed with light 

microscope, SEM and Raman spectroscope for in depth damage and stress analyses. 
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4.  EXPERIMENTAL RESULTS 

4.1. Microstructural Characterization 

4.1.1. Microstructure, Grain Size and Surface Roughness 

The as-coated samples were first analyzed with a scanning electron microscope (SEM) for 

the surface and the microstructural characterization. Fig. 4.1 shows the morphology and the 

grain size of diamond films on different metallic substrates: (a) Ti-foil, (b) Ti-sheet, (c) Ti-

6Al-4V alloy and (d) X46Cr13 steel. All the microstructures in Fig. 4.1 are showing similar 

grain morphologies i.e., microcrystalline with (100) facets and [011] texture (see 

section 2.2.3). The size of the diamond grains was measured with Image-J ® software and it 

lies in the range of ~200–800 nm for all diamond coatings (Fig. 4.1). 

  

  

Fig. 4.1. The morphology of the diamond coatings on different metallic substrates: (a) Ti-foil, (b) Ti-
sheet, (c) Ti-6Al-4V alloy and (d) X46Cr13 steel. The morphology of the grains is microcrystalline 
triangular (111) faceted with a grain size in between 200 and 800 nm. The SEM SE-imaging mode 
(secondary electron) was used to capture the micrographs.   
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During SEM analysis, all the as-coated samples showed some crack-like features on the 

surface of diamond film (see Fig. 4.2a for a diamond/Ti system). In order to verify whether 

these are through thickness cracks or just the surface imperfections, FIB cross-sections were 

prepared across some of these crack-like features (Fig. 4.2b). FIB cross-sections revealed that 

these features are not cracks but rather some surface imperfections. On the sandblasted 

surface of metallic substrates, the diamond crystals grow in the form of clusters. These crack 

like features might be these cluster boundaries. These features are depressions on the surface, 

therefore, can act as stress raisers to cause an early cracking of the film in service.     

  

Fig. 4.2. The surface of a diamond/Ti system directly after the deposition, showing some crack-like 
features (see inside yellow ellipses). (b) FIB cross-section across some of the crack-like features, 
showing that these features are not through thickness cracks.  

For the determination of surface roughness, AFM (atomic force microscope) and µSurf-

topography measurement machine were used. The measured Rq (root mean squared) and Ra 

(arithmetic average) roughness values are listed in Table 4.1 and the AFM images of 

different diamond coated metallic substrates: (a) Ti-foil, (b) Ti-sheet, (c) Ti-6Al-4V alloy and 

(d) X46Cr13 steel are given in Fig. 4.3. The results from both methods (the AFM and the 

µSurf) are comparable. It is clear from the results that the surface roughness of the diamond 

coated Ti-foil is the least and it has the smoothest surface (Fig. 4.3a). All the other diamond 

coatings have a relatively higher surface roughness (Fig. 4.3b–d). Among the samples with 

higher roughness, the diamond/steel system has the lower surface roughness (Fig. 4.3d). The 

higher surface roughness of the diamond coatings is associated with the rough surface of the 

substrates produced by sandblasting, conducted before the diamond deposition to improve 
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the coating adhesion. The higher surface roughness of the diamond films also created 

problems for FIB milling like ion beam focus problems and scattering of the

  

  

Fig. 4.3. The surface roughness of diamond coated metallic substrates: (a) Ti-foil, (b) Ti-sheet, (c) Ti-
6Al-4V alloy and (d) X46Cr13 steel. The diamond coated Ti-foil has the least surface roughness and 
the smoothest surface available. All the other diamond surfaces have a relatively higher surface 
roughness. 

Table 4.1. The surface roughness of different diamond coated substrates measured by AFM. 

Surface Roughness 

Diamond/ 
Ti-Foil 

Diamond/ 
Ti-Sheet  

Diamond/ 
Ti-6Al-4V 

Diamond/ 
X46Cr13 

AFM µSurf AFM µSurf AFM µSurf AFM µSurf 

Root mean squared 
roughness (𝑹𝒒) 203 nm 280 nm 705 nm 611 nm 627 nm 551 nm 499 nm 495 nm 

Arithmetic average 
roughness (𝑹𝒎) 

163 nm 221 nm 575 nm 479 nm 506 nm 434 nm 399 nm 387 nm 

Diamond/Ti-Foil (a) Diamond/Ti-Sheet (b) 

Diamond/Ti-6Al-4V (c) Diamond/X46Cr13 (d) 
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beam during milling etc. Therefore, in most cases FIB milling was conducted at diamond 

coated Ti-foils (with smooth surface). 

4.1.2. FIB Cross-section Analyses 

The cross-sections of different diamond coated samples were prepared with FIB (Fig. 4.4a-d) 

to observe the internal microstructure and to measure the thickness of the diamond film & 

the interlayer. The FIB milled cross section of the diamond/Ti–foil system (Fig. 4.4a) shows 

a diamond film with a thickness of ~1.5 µm followed by an ~1–1.5 µm thick interlayer of 

TiC. The morphology of the interlayer is non-uniform with pores and defects in it and along 

the interface with the diamond film. Sometimes in diamond/Ti systems, the interlayer is 

polycrystalline in nature which is an oxygen rich phase called alpha case (see Fig. 4.5a) that 

is formed when Ti or its alloys are exposed to oxygen at high temperature [118]. Alpha case 

can be dissolved with a vacuum annealing treatment. In the case of diamond/Ti-sheet 

system (Fig. 4.4b) the interlayer is showing a totally different morphology. This might be due 

to the sand blasting of the surface before coating. The thickness of the diamond layer is ~2 

µm and the interlayer is non-uniform with a thickness from ~1–2 µm. The interlayer seems 

to have two phases; one is along the diamond layer with dark grey color (might be a 

deformation zone from sandblasting consisting of SiC and TiC) and the other is TiC with 

light grey color (shown with arrow head in Fig. 4.4b). The interlayer has many defects as can 

be seen in the red ellipses. The FIB cross section of diamond/Ti-6Al-4V alloy system (Fig. 

4.4c) shows a similar microstructure as the diamond/Ti-sheet system. The thickness of the 

diamond film is ~1.5 µm but the interlayer is highly non-uniform and very thick at some 

places with a large number of defects in it (see inside the red ellipse in Fig. 4.4c). For 

diamond/X46Cr13 steel system, the FIB cross-section (Fig. 4.4d) shows an interlayer of 

TiBN between the steel and the diamond film. The pointed structure of the TiBN layer can 

be seen underneath the diamond layer. The thickness of diamond film is ~2–4 µm but the 

interlayer thickness could not be estimated from the FIB cross section as it was difficult for 

the gallium ion to cut much deeper due to the highly rough surface and ‘thick and hard’ 

diamond film. Therefore, a metallographic cross-section of this coating system was prepared 

that is shown in Fig. 4.5b. It can be seen in the figure that the thickness of TiBN interlayer is 

~8 µm and of diamond film is ~4 µm. Fig. 4.4d shows some vertical defects/cracks in the 

diamond coating at the pointed interface between the diamond film and the TiBN interlayer.  
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Fig. 4.4. The FIB cross sections of different diamond/metallic-substrate systems: : (a) Ti-foil, (b) Ti-
sheet, (c) Ti-6Al-4V alloy and (d) X46Cr13 steel. In all the cross sections diamond film, interlayer 
and the defects can be clearly seen.  

  

Fig. 4.5. (a) A diamond/Ti system with alpha case at the interlayer. (b) The metallographically 
prepared cross-section of diamond/X46Cr13 steel system. The diamond layer, TiBN interlayer and 
the substrates can be clearly seen. During grinding, some diamond particles had broken from the 
surface and embedded into steel (see inside red ellipse). 
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4.1.3. EDX Analyses 

The metallographically prepared cross sections of different diamond coating/substrate 

systems were analyzed with EDX method in order to check the concentration gradients of 

different elements across the cross section. Manual line scans were conducted according to 

Fig. 3.6. The results of EDX analyses are presented in Fig. 4.6 for three different coating 

systems: (a) diamond/Ti, (b) diamond/Ti-6Al-4V alloy and (c) diamond/X46Cr13 steel.      

  

 

Fig. 4.6. EDX analyses for the concentration gradients of different elements along the polished cross 
sections of different diamond coating/metallic substrate systems.  

For the diamond/Ti system (Fig. 4.6a), 100% carbon (C) is found on the diamond side with 

still some C present in the substrate and on the substrate side pure-Ti is present that gradually 

reduces towards the diamond film. In between the substrate and the diamond, a zone with a 

constant ratio of Ti and C is found; this corresponds to the diffusion layer of TiC. In case of 
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substrate zone the concentration of Ti is higher. In the transition zone, very small 

concentrations of V and Al were also found along with Ti and C. The EDX cross-section 

analysis of diamond/X46Cr13 steel (Fig. 4.6c) shows a high atomic %age of C on the 

diamond side and of Fe on the steel side. The interlayer shows the presence of different 

elements like Ti, N, Fe and C that indicates the diffusion of Fe and C into TiBN. In EDX 

analysis, no peak of Boron (B) was detected. The Ti and N form TiBN interlayer have also 

diffused into steel as can be seen in Fig. 4.6c.  

4.1.4. X-Ray Diffraction Analysis 

The XRD analysis of different as coated samples was carried out to analyze the texture and 

in-depth composition of diamond coating systems. For the diamond/Ti system (Fig. 4.7a),

 

Fig. 4.7. XRD Analysis of different diamond coated substrates: (a) diamond/Ti, (b) diamond/Ti-
6Al-4V and (c) diamond/X46Cr13. 
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the detected phases are Ti, TiC, C-diamond and TiH2 (found in both as-coated and annealed 

samples). The diamond phase has a (111) texture. The presence of TiH2 shows that 

hydrogen was absorbed by the Ti-substrate during diamond deposition. For the diamond/Ti 

system similar results are found in the literature [11,24,25]. The Diamond/Ti-6Al-4V system 

(Fig. 4.7b) shows the presence of Ti, C-diamond and TiC but no peaks for the vanadium and 

aluminum based phases were found due to low concentration of these elements in the 

substrate and also the count rate (intensity) during the experiment was low. The Diamond 

film again showed a similar (111) preferred orientation. In case of diamond/X46Cr13 system 

(Fig. 4.7c), Fe, TiN and C-diamond phases were detected with diamond having a (111) 

texture.  

4.2. Residual Stress Analysis of Diamond Thin Film 

4.2.1. Micro-Raman Spectroscopy 

Micro-Raman spectroscopy was applied to the different diamond coated metallic substrates 

(Ti, Ti-6Al-4V alloy and 46Cr13 steel) to analyse the nature and to estimate the magnitude 

of residual stress present in the diamond film. Raman spectra were acquired from the surface 

of the diamond film and evaluated for stress calculations. Fig. 4.8 shows a comparison of the 

Raman spectra taken from the surface of different diamond coated substrates in the as-grown 

states. The characteristic diamond peak in all the spectra showed a positive shift in 

wavenumber with respect to the stress free diamond peak at 1332 cm−1. For most of the 

spectra acquired from the diamond surface, no diamond peak splitting into singlet and 

doublet was observed (Fig. 4.8), therefore, for the stress evaluation from these peak shifts, 

Eq. 2.4 with weighted average gauge factor of −0.49 GPa cm−1 [9,41,93] has been used. For 

some of the spectra a small shoulder was found along with the diamond peak (an example is 

given in Fig. 4.9). If this small shoulder is considered as a singlet (s) and the main high 

frequency diamond peak as doublet (d) then Eqs. 2.2–for singlet phonon and 2.3–for doublet 

phonon can be used to evaluate stresses from these splits. If the example given in Fig. 4.9 is 

evaluated using Eqs. 2.2 and 2.3, the stress values of −4.3 GPa (for singlet) and −4.25 (for 

doublet) are obtained and the average of these values gives ~−4.3 GPa of stress. Now if the 

singlet is ignored and the whole peak is considered as a single characteristic diamond peak 

(without split) then using Eq. 2.4 yields −5.3 GPa of stress. The difference between the two
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Fig. 4.8. A comparison of Raman spectra acquired from the surface of different diamond coated 
metallic substrates in the as-grown state. In all the samples the characteristic diamond peak is 
showing a positive peak shift in wavenumber and, no peak splitting into singlet and doublet is 
observed. 

 

Fig. 4.9. An example of Raman spectrum showing a singlet (low frequency peak – s) and a doublet 
(high frequency peak – d).   

1332 cm−1 

1343.2 cm−1 
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measurements is ~1 GPa. This difference can be small or large because it is not easy to 

locate the position of small singlet in the spectrum (see Fig. 4.9). As only a fewer number of 

spectra showed some indication for peak splitting, therefore, for the consistency of the stress 

evaluations, these spectra were ignored and only Eq. 2.4 was used to evaluate stresses from 

the single diamond peak.  

The calculations of the stresses from the peak shifts in Raman spectra shown in Fig. 4.8 are 

presented in Table 4.2. The calculations show that diamond/X46Cr13 steel system has the 

highest magnitude of residual stress present amongst the studied diamond thin films. All 

other systems have almost similar level of residual stress in the coating. The samples were 

also rotated to 90° under polarized laser light to check the biaxial nature of stresses and no 

significant changes in the results (Table 4.2) were observed. This shows that the nature of 

residual stress in the diamond thin film on the used substrates is isotropic biaxial. 

Table 4.2. The residual stress calculations from characteristic diamond peak shifts in Raman spectra. 

Coating systems 
Peak frequency of stress 

free diamond (𝝂𝐨)* 
Peak frequency of 

diamond thin film (𝝂𝒔)  
Peak shift 
(𝝂𝒔 − 𝝂𝐨) 

Residual stress 
(𝝈𝒓𝒆𝒔) 

Diamond/Ti-foil 1332 cm−1 1343.2 cm−1 11.2 cm−1 −5.5  GPa 

Diamond/Ti-sheet 1332 cm−1 1343.5 cm−1 11.5 cm−1 −5.6  GPa 

Diamond/Ti-6Al-4V 1332 cm−1 1342.7 cm−1 10.7 cm−1 −5.2  GPa 

Diamond/X46Cr13 1332 cm−1 1344.9 cm−1 12.9 cm−1 −6.3  GPa 

* measured on delaminated diamond flakes by micro-Raman spectroscopy 

4.2.2. FIB–DIC Method for Residual Stress Analysis  

In order to validate the residual stress measured by micro-Raman spectroscopy, a FIB–DIC 

(focused ion beam–digital image correlation) method was used. A focused ion beam (FIB) 

microscope was used to prepare rectangular bar shaped samples (the method of sample 

preparation is given in section 3.2.1) and DIC was used to measure the strain relief 

introduced by the FIB milling. This method was applied only to the diamond/Ti-foil system 

due to its smooth coating surface. In the other diamond coating systems the surface 
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roughness was very high (as described in section 4.1.1) which created milling problems (like: 

ion beam focus and beam scattering) for FIB. Rectangular bar shaped samples were prepared 

in two perpendicular directions to check the nature of the residual stress in the diamond film. 

The displacement produced (see arrows in Fig. 3.5c and Fig. 3.13) in the FIB milled bars is 

plotted against the distance on the SEM image and shown in the Fig. 4.10 ((a) for horizontal 

bar – parallel to the long axis of the tensile sample and, (b) for the vertical bar – perpendicular 

to the long axis of the tensile sample). The displacement results were taken from three FIB-

milled bars for each direction. The slope of the average fit-line in both plots gives the estimated 

value of strain relief produced in the diamond film. In the case of horizontal bar the strain 

relief is ~0.005 and for vertical bar it is ~0.0052. These two strain values in two perpendicular 

directions are close to each other. The resulting stress value from these strains is ~−6.0 GPa 

according to Korsunsky et al. [46] method (see section 2.4.2). This stress value is slightly 

higher than the one measured by µ-Raman spectroscopy (~−5.5 GPa) but comparable. The 

nature of the stress is isotropic biaxial same as determined by Raman spectroscopy. These 

results were also validated by FE-modelling (see section 5.4.6 and Fig. 5.33a). 

  

Fig. 4.10. The displacement measured by digital image correlation plotted against the distance on the 
image to estimate the strain relief produced by FIB milling. (a) For the bar milled in the horizontal 
direction – parallel to the long axis of the tensile specimen. (b) For the bar milled in the vertical 
direction – perpendicular to the long axis of the tensile specimen. For each case, the displacement 
data was collected from three FIB-milled bars.   

Raman scanning of FIB milled rectangular bars   

Raman spectroscopic technique was applied to the same FIB milled rectangular bars that 

were analysed by DIC, to check the level of stress relief produced by FIB-milling. The 

(a) (b) 
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Raman scanning pattern adapted to measure the stress relief is shown in Fig. 4.11a (for 

horizontal bar) and Fig. 4.12a (for vertical bar). Both figures show three Raman scanning 

lines; two along the edges of the bar and one in the middle. Two perpendicular geometries 

were used to check the biaxial nature of the residual stresses. A comparison of the Raman 

spectra taken outside the bar and at the midpoint of the bar is shown in Fig. 4.13. This 

comparison shows that the characteristic diamond peak for the midpoint shows almost a full 

stress relaxation because it corresponds to the peak frequency of 1332 cm−1 and for the point 

outside the bar a positive peak shift is present corresponding to a compressive nature of 

Fig. 4.11. (a) Raman scan lines for a horizontally FIB milled bar. (b) Evaluated stress profiles made 
along three Raman scan lines of Fig a. The results show a full relaxation of compressive residual 
stress to stress free state. 

 

Fig. 4.12. (a) Raman scan lines for a vertically FIB milled bar. (b) Evaluated stress profiles made 
along three Raman scan lines of Fig a. The results show a full relaxation of compressive residual 
stress to stress free state. 
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stress. Again for most of the Raman spectra no peak splitting was observed, therefore, for 

stress evaluation from the spectra with un-split peaks, Eq. 2.4 with weighted average gauge 

factor of −0.49 GPa cm−1 [9,41,93] was used. The results of the Raman line scans shown in 

Fig. 4.11a and Fig. 4.12a are presented in Fig. 4.11b and Fig. 4.12b, respectively. It can be 

seen in both figures that in the un-milled region (i.e., outside the bar) a residual stress of 

~−5.0 GPa is present in the coating and in the FIB milled region the stress has been fully 

relaxed to zero state within the bar for all the three scan lines. These results show that FIB 

milling of the long trenches has produced a full stress relief in the diamond film of the 

rectangular bar. Also the isotropic biaxial nature of the stress is again verified by similar 

measurements in two directions. By using Hooke’s law (Eq. 2.15), the conversion of residual 

stress of −5.5 GPa yields a strain relief of ~0.0045 which is close to the value measured by 

DIC. Hence the results of DIC and Raman spectroscopy are comparable. The stress profiles 

shown in Fig. 4.11b and Fig. 4.12b were also validated by finite element modelling 

(section 5.4.6 and Fig. 5.33b). 

 

Fig. 4.13. A comparison of the Raman spectra taken at the middle of rectangular bar and outside the 
milled area. The peak shift from the compressive to the fully relaxed state can be seen in the figure. 
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4.3. Tensile testing of Diamond Coated Metallic Substrates 

4.3.1. Stress-Strain Response of the Coating/Substrate Systems 

Comparison of as-coated and annealed samples 

During the coating process, hydrogen is diffused into the substrates leading to an 

embrittlement (see section 2.2.6). However, sufficient ductility is needed in the samples to 

study the cracking and delamination phenomena in the coating during in-situ tensile tests. In 

order to check the embrittlement, some of the as-coated samples were pulled in tension and 

most of them failed in a brittle manner with little or no capability of plastic straining except 

for the diamond/steel system. One of the resulting stress-strain curves for diamond/Ti-foil 

system is shown in Fig. 4.14 (red curve). The as-coated sample shows brittle failure after a 

total strain of ~0.5%. The sample was observed in SEM after tensile test and no cracking or 

delamination was found on the coated surface. In order to restore the ductility of the brittle 

coated substrates, the tensile samples were annealed in a vacuum furnace at ~800 °C 

temperature under 10−3 Pa pressure for ~5 hrs so that the absorbed hydrogen could be 

removed. After annealing, the diamond coated samples showed higher ductility compared to 

the as-coated state. An example of the stress-strain curve from the annealed diamond/Ti-foil 

sample with a total strain of about 6% can be seen in Fig. 4.14–blue curve.  

 

Fig. 4.14. Example of the stress strain curves of as-coated and annealed diamond/Ti-foil samples. 
Annealing can restore the ductility of the substrate. 
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Ex-situ testing and stress-strain response 

Different diamond coated samples were pulled in a tensile tester ex-situ before in-situ tensile 

testing was carried out. The purpose was to compare the stress strain response of different 

diamond coated substrates. Fig. 4.15 gives a comparison of three different 

diamond/substrate systems: diamond/Ti, diamond/Ti-6Al-4V alloy and diamond/X46Cr13 

steel. The elastic moduli E and the yield strengths of different substrates were measured and 

corrected with the help of a laser extensometer (as described in section 3.4.2). The measured 

values were comparable to the literature values [116]. The diamond/Ti system is presenting 

the lowest substrate Young’s Modulus (~104 GPa) and the lowest tensile strength level (Fig. 

4.15-red curve). The yield strength of Ti in this system is ~400 MPa. The diamond/steel 

system is showing highest substrate Young’s modulus of ~220 GPa (Fig. 4.15-blue curve). 

The tensile strength level is higher than diamond/Ti system but the yield strength is almost 

similar. In case of the diamond/Ti-6Al-4V system, the yield and tensile strengths both are 

the highest (Fig. 4.15-green curve). The Young’s modulus of the substrate in this coating 

system is ~114 GPa. The stress strain behaviour of diamond/Ti-foil (100 µm thick) system 

was also compared to the diamond/Ti-sheet (1 mm thick) system, and both systems showed 

the similar stress strain behaviour and approximately the same strength levels.  

 

Fig. 4.15. The comparison of the stress-strain responses from three different diamond/metallic 
substrate systems: diamond/Ti, diamond/Ti-6Al-4V alloy and diamond/X46Cr13 steel. 
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4.3.2. In-Situ Tensile Testing in SEM 

Different diamond coated samples were tested in-situ in a scanning electron microscope 

(SEM) in order to understand the mechanism of stress transfer and damage, and to estimate 

the fracture and adhesion strength of the diamond film. All the coating system showed 

transverse through thickness cracking and delamination during tensile tests. For 

diamond/Ti-foil system (Fig. 4.16–red curve), the initial cracking of the diamond coating 

was observed at ~0.6% applied strain and the delamination started at 𝜀𝑎 ≈ 1.5%. Both the 

cracking and the delamination were observed in the elastic-plastic regime of the substrate. In 

the case of diamond/Ti-6Al-4V system (Fig. 4.16-green curve), first cracking occurred at 

~0.52% applied strain (at the start of elastic-plastic regime) and the delamination of the 

diamond coating was observed at 𝜀𝑎 ≈ 1.0% (in the elastic-plastic regime of the substrate). 

The comparison of these two systems showed that the cracking and delamination of the 

diamond film started earlier in case of diamond/Ti-6Al-4V system compared to the 

diamond/Ti system. The diamond/X46Cr13 system (Fig. 4.16-blue curve) showed very 

rapid cracking and delamination of the diamond film, probably, due to the weaker adhesion 

of the film to the TiBN interlayer, therefore, the strain data obtained corresponding to 

cracking and delamination was not highly reliable. In the stress-strain curves, some stress 

drops can also be seen. These stress drops belong to the points, where the tensile test was 

 

Fig. 4.16. Stress-strain curves from the in-situ SEM tensile tests of different diamond/substrate 
systems. The initial cracking and delamination points are shown on the plots.  
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interrupted, after different strain intervals, to record the SEM images of the diamond surface. 

These stress drops are the machine artefacts and must be ignored. 

Cracking and delamination as a function of applied tensile strain  

During in-situ tensile experiments in SEM, the test was interrupted after different strain 

intervals to record the images from the surface of the diamond film. A sequence of these 

images at different strain increments is shown in Fig. 4.17 for the diamond/Ti-foils system, 

and a similar sequence is shown in Fig. 4.18 for the diamond/Ti-6Al-4V system. For 

diamond/Ti-foil system a clear crack initiation at 𝜀𝑎 ≈ 0.6% can be seen in Fig. 4.17a. On 

further straining more number of parallel cracks are appearing in the coating and the crack 

spacing is decreasing (Fig. 4.17b–d). At  𝜀𝑎 ≈ 1.5%, a clear delamination can be observed 

along with a crack–saturation (Fig. 4.17e). On further straining, the delamination of the 

diamond film is increased (Fig. 4.17f). The delamination was observed at the interface 

between the diamond film and the TiC-interlayer. For the diamond/Ti-6Al-4V alloy system 

(Fig. 4.18), a similar damage mechanism has been observed in the diamond film but the 

crack spacing is reducing at faster rate compared to diamond/Ti-system. Crack initiation 

and delamination in this system can be seen in Fig. 4.18 (a and d). The nature of 

 

Fig. 4.17. A sequence of SEM images recorded at different strain increments during in-situ tensile test 
of diamond/Ti-foil system. The crack initiation and delamination can be seen in (a) and (e).   
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Fig. 4.18. A sequence of SEM images recorded at different strain increments during in-situ tensile test 
of diamond/Ti-6Al-4V system. The crack initiation and delamination can be seen in (a) and (d). 

delamination of the diamond/Ti-6Al-4V system is different from the diamond/Ti system. It 

can be seen in Fig. 4.18 (d–f) that the delamination of the diamond film is occurring in the 

form of very small irregular chips, whereas in case of diamond/Ti system the film is 

delaminating in the form of long segments (see Fig. 4.17e and f). For the diamond/Ti-sheet 

and diamond/steel systems these sequences of images with strain increments could not be 

recorded due to rapid cracking and delamination of the diamond film.  

After tensile testing, different diamond coated samples were analyzed with a macroscope to 

get an idea of the scale of delamination and the results are given in Fig. 4.19a-d. For a 

diamond/Ti system (Fig. 4.19a and b) a big portion of diamond has already been vanished. 

The grey colored TiC-interlayer can be seen underneath diamond after delamination, which 

shows that the delamination has occurred along the interface between the diamond film and 

the TiC interlayer. The surface of diamond/Ti-6Al-4V system (Fig. 4.19c) is showing only 

limited delamination, thus, adhesion is a bit better. Another important observation is that the 

final cracking and delamination has proceeded along the shear bands of the substrate under 

the tensile deformation (see Fig. 4.19a-c). In case of diamond/X46Cr13 system, large scale 

Crack 
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diamond delamination (Fig. 4.19d) can be seen even higher than the diamond/Ti system. 

The brown colored TiBN layer is also visible showing that the interface between the 

diamond film and the TiBN-interlayer is week.     

  

  

Fig. 4.19. The surfaces of different diamond coated substrates after tensile test. (a & b) Diamond/Ti 
systems showing a large area delamination with final cracking along the shear bands of the substrate 
under the tensile deformation. (c) Diamond/Ti-6Al-4V system showing least and fine delamination 
on the surface, thus, having better adhesion. (d) Diamond/steel system showing that a big portion of 
the coating is completely delaminated.   

 In order to get a clear picture of the coating fragmentation process with the applied tensile 

strain, the plots of crack spacing vs. applied strain have been made for diamond/Ti and 

diamond/Ti-6Al-4V systems (Fig. 4.20). The plots show that the crack spacing is decreased 

quickly by the initial substrate deformation then it is followed by crack saturation. Larger 

coating segments require thus relatively small substrate-strains to initiate cracking compared 

to the smaller segments. In case of diamond/Ti system, the cracking initiates at a higher 

strain level compared to the diamond/Ti-6Al-4V system and also initial average crack 

spacing is very large of ~620 µm compared to ~135 µm in the diamond/Ti-6Al-4V system. It 

is also found from the Fig. 4.20 that the cracking and delamination are proceeding at faster 

rate in diamond/Ti-6Al-4V alloy system, and the crack spacing saturates at ~21µm 

compared to ~36 µm in diamond/Ti system. The shape of the profiles presented in Fig. 4.20 
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is found similar to those described in the literature by different researchers through 

experiments and modelling [5,27,28,38]. 

 

Fig. 4.20. The crack spacing as a function of the total applied strain. The diamond/Ti-foil and 
diamond/Ti-6Al-4V coating system have been compared here. The diamond/Ti-6Al-4V system is 
showing faster rate of cracking and delamination compared to the diamond/Ti-foil system. 
Furthermore, the initial fragmentation and the saturation crack spacing are smaller than the 
diamond/Ti system. 

4.3.3. In-Situ Tensile Testing in micro-Raman Spectroscope 

Most of the work on diamond/Ti-foil system has already been published in Acta Materialia 

[119] and Surface and Coating technology [120], and is reproduced here as the part of this 

thesis. In these experiments, diamond coated metallic samples were tested in-situ in tensile 

mode in a micro-Raman spectroscope to analyse the residual stress evolution and to estimate 

the fracture strength of the coating.  

The stress strain curve for the annealed diamond/Ti-foil sample shown in Fig. 4.14 (blue 

curve) is from the in-situ tensile testing in Raman spectroscope. During tensile testing, first 

cracks on the surface of the diamond film were observed after achieving a total strain of 

~1.0%. The initial cracks appeared in the elastic-plastic regime of the substrate. On further 

straining a reduction in crack spacing was achieved. Some stress drops are present on the 
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stress-strain curve, which belong to the points, where the tensile test was interrupted, after 

different strain intervals, to acquire the Raman spectra from the diamond surface.  

Evaluation of Raman spectra for stress calculations and stress-strain response of the film 

During tensile test shown in Fig. 4.14, Raman spectra were acquired from the diamond 

surface at strain increments of ~0.05%. Most of the Raman spectra taken during tensile test 

also did not show peak splitting into two or three singlets to evaluate the anisotropic nature 

of the stress. Rather, only one strong characteristic diamond peak was obtained most of the 

time in the tensile test. The diamond peak continuously shifted in a negative direction with 

the applied tensile strain (see Fig. 4.21 for the negative peak shift during tensile test), 

indicating an increasing tensile stress in the coating. A simple explanation for this 

unexpected behavior is given in detail in the Finite Element Modelling section (see 

section 5.4.5). In Fig. 4.21 for the red-spectrum, the peak split is present (shown with an 

arrow head). But for the consistency in stress evaluation, the peak split has been ignored 

here.   

 

Fig. 4.21. Comparison of Raman spectra collected from the surface of CVD diamond coating in the 
as-grown state and during tensile testing. The negative shift of the characteristic Raman peak can be 
seen with the applied tensile strain. The stress values have been calculated using Eq. 2.4, from the 
single diamond peaks shifts in Raman spectra, as isotropic biaxial stress. 

1329 cm−1 (1.5 GPa) 

1343 cm−1 (−5.4 GPa) 

1332 cm−1 (0 GPa) 
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Fig. 4.22. Residual stresses in the coating calculated from Raman spectra as a function of total tensile 
strain on the substrate. The 0 GPa residual stress at ~0.7% tensile strain and the first cracking point 
in the figure may be noted. 

Evaluation of the stresses from all Raman spectra taken during the tensile test (shown in  

Fig. 4.14) resulted in a plot of stress in the coating as a function of the applied strain 𝜀𝑎 (see 

Fig. 4.22). The plot in Fig. 4.22 shows that initially a compressive residual stress of ~−5.4 

GPa is present in the diamond thin film. This residual stress is being decreased with an 

increasing applied tensile strain. At  𝜀𝑎 ≈ 0.7%, the stress state is changed from compressive 

to tensile. Until that point, no cracking or delamination was found in the diamond coating. 

On further straining, the tensile stress level is increased in the coating and after achieving 

~1.5 GPa of tensile stress at 𝜀𝑎 ≈ 1.0% (elastic-plastic substrate regime), first transverse 

parallel cracks appeared in the diamond film. With the application of further tensile strain, 

the number of cracks in the coating increased with a decreasing crack spacing (with a mean 

crack spacing of ~36 µm) along with delamination of the coating. The tensile stress level in 

the coating became nearly constant and saturated at 𝜎𝑚𝑎𝑥 ≈ 1.5 GPa during cracking. 

In order to observe the permanent evolution of the residual stress with plastic deformation of 

the substrate, the loading-unloading in-situ tensile tests were performed in a Raman 

spectrometer on all the diamond/substrate systems. The results are given in Fig. 4.23. All of 
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the plots shown in Fig. 4.23 have been made after evaluating the Raman spectra collected 

during in-situ tensile tests from the diamond surface. All the diamond coating systems are 

showing similar stress strain behavior as described in Fig. 4.22. Some observations from 

these plots are presented in Table 4.3. For the better understanding of the stress-strain 

behavior, the comparison should only be made between diamond/Ti-foil and diamond/Ti-

6Al-4V systems. Because the other systems (diamond/Ti-sheet and diamond/X46Cr13 steel) 

showed very rapid cracking and delamination, therefore, the strain data corresponding to 

residual stress evolution, cracking and delamination is not reliable. 

In all the unloading steps (dotted lines in Fig. 4.23 a–d), the unloaded stresses are plotted as 

a function of the strain under load, for better visibility and to prevent the overlapping of

  

  

Fig. 4.23. The loading-unloading coating stress-strain plots to study the permanent evolution of 
compressive residual stress in the coating with the plastic deformation in the substrate. All of the 
plots have been made after evaluating the Raman spectra (using Eq. 2.4) collected at different strain 
intervals during in-situ tensile tests. 

(a) (b) 
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D/Ti-foil D/Ti-sheet 

D/Ti-6Al-4V D/X46Cr13 



EXPERIMENTAL RESULTS   94 

Table 4.3. The residual stress calculations from characteristic diamond peak shifts in Raman spectra. 

Observations 
Diamond/ 

Ti-foil 
Diamond/ 

Ti-sheet 
Diamond/ 
Ti-6Al-4V 

Diamond/ 
X46Cr13 

Initial residual stress (𝝈𝒓𝒆𝒔)* ~−5.5 GPa ~−5.6  GPa ~−5.2  GPa ~−6.3  GPa 

Applied strain to neutralize 𝝈𝒓𝒆𝒔  𝜀𝑎 ≈ 0.54% 𝜀𝑎 ≈ 0.66% 𝜀𝑎 ≈ 0.46% 𝜀𝑎 ≈ 0.53% 

Strain for first cracking 𝜀𝑎 ≈ 1.0% 𝜀𝑎 ≈ 0.93% 𝜀𝑎 ≈ 0.65% 𝜀𝑎 ≈ 0.66% 

Strain for delamination 𝜀𝑎 ≈ 1.5% 𝜀𝑎 ≈ 1.0% 𝜀𝑎 ≈ 1.0% 𝜀𝑎 ≈ 0.7% 

Fracture strength of the film (𝝈𝒇)* ~1.45 GPa ~1.35 GPa ~1.5 GPa ~1.5 GPa 

* estimated values evaluated from Raman spectra 

unloading lines. For the diamond/Ti-foil system (Fig. 4.23a), the compressive residual stress 

in the coating is constant upon unloading (first two dotted lines), until plastic straining of the 

substrate, which starts between 0.25% and 0.5% applied total strain. With the plastic 

straining in the substrate, the compressive residual stress (~−5.5 GPa) is decreased up to 

~−0.5 GPa at a strain level of ~1.5%. For higher strains, the stress measurement in the 

unloaded condition was not possible due to rapid delamination of the diamond film. It is 

expected, however, that the residual stress should finally enter a tensile regime. 

A similar stress-strain behavior is shown by the diamond/Ti-6Al-4V alloy system (Fig. 

4.23c), where plastic straining reduces the compressive residual stress of 𝜎𝑟𝑒𝑠 ≈ −5.2 GPa to 

~−0.3 GPa at 𝜀𝑎 ≈ 1.15%. The comparison of these two systems (diamond/Ti-foil and 

diamond/Ti-6Al-4V) shows that in diamond/Ti-6Al-4V system all the phenomena like 

residual stress evolution, cracking and delamination are occurring earlier at lower substrate-

strains due to higher yield strength of Ti-6Al-4V alloy than Ti in diamond/Ti-foil system. In 

case of the diamond/Ti-sheet and diamond/steel systems a similar residual stress evolution 

trend can be seen with the deformation of the substrate (Fig. 4.23b and d).  

In order to see the effect of initial residual stress (in the diamond film) on the film crack 

initiation and delamination, a diamond/Ti-foil system with 𝜎𝑟𝑒𝑠 ≈ −4.5 GPa was tested in-

situ in a Raman spectroscope and compared with the results of the sample shown in Fig. 

4.23a. The reason for the lower residual stress of this sample was the lower diamond 
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deposition temperature. The comparison of these stress-strain plots is presented in Fig. 4.24. 

In case of the coating system with 𝜎𝑟𝑒𝑠 ≈ −4.5 GPa the compressive residual stress is evolved 

earlier at 𝜀𝑎 ≈ 0.43% compared to 𝜀𝑎 ≈ 0.54% in the system with 𝜎𝑟𝑒𝑠 ≈ −5.5 GPa. The first 

cracking and delamination strains have also moved to lower values. Hence, the higher value 

of compressive residual stress in the film delays crack initiation under tensile load. 

 

Fig. 4.24. The comparison of coating stress-strain behavior of two diamond/Ti-foil systems: one with 
𝜎𝑟𝑒𝑠 ≈ −4.5 GPa and the other with 𝜎𝑟𝑒𝑠 ≈ −5.5 GPa. The earlier compressive residual stress 
evolvement and earlier cracking can be seen in the system with 𝜎𝑟𝑒𝑠 ≈ −4.5 GPa. 

Stress distribution profiles in cracked coating segments 

After achieving a substrate strain level of 𝜀𝑎 ≈ 1.5% during in-situ tensile test presented in 

Fig. 4.23a, different cracked coating segments were scanned across with micro-Raman 

spectroscopy to assess the stress distribution in the unloaded and loaded states. In Fig. 4.25a, 

a light micrograph of the specific crack segment is shown, along with the scan lines for the 

Raman spectroscopy. Furthermore, three white spots are included in the scan line # ‘1’ on 

the crack segment with a width of ~42 µm. Fig. 4.25b shows the Raman spectra for these 

three spots. For the middle spot, the diamond peak is shifted towards a low peak frequency 

of ~1329 cm−1 with ~1.5 GPa of tensile stress, compared to the stress-free crystalline 

diamond (peak frequency 1332 cm−1). But for the other spots near the left and right cracks, 

the diamond peaks are shifted towards a higher peak frequency of ~1334 cm−1 and 
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correspond to ~−1.0 GPa of compressive stress. This shows that a cracked coating segment, 

loaded in tension by the substrate deformation, has tensile stress in the middle and 

compressive stress near the segment edges. For that reason, a coating segment under load is 

normally cracked at its center on approaching the fracture stress of the coating. The 

compressive stress near the segment edges could be caused by the bending of the coating 

segment under the elastic–plastic deformation of the substrate [6,16]. 

  

Fig. 4.25. (a) An optical image of the diamond coating after tensile cracking on which the Raman 
scanning paths are shown by arrows. (b) A comparison of the Raman spectra for the three white 
spots shown in Fig a. The shift of the characteristic diamond peak towards lower wavenumbers for 
the middle of the segment can be seen in the diagram, while the characteristic peaks for the right and 
left cracks are shifted towards higher wavenumbers. The diamond peak in the spectrum for the 
middle of the segment is at ~1329 cm−1 and corresponds to ~−1.5 GPa of tensile stress, while the 
diamond peaks in the spectra for both left and right cracks are at 1334 cm−1 and correspond to ~−1.0 
GPa of compressive stress (Eq. 2.4). 

Fig. 4.26a shows a comparison of the complete stress distribution (measured with micro-

Raman spectroscopy) for paths ‘1’ and ‘2’ given in in Fig. 4.25a. Two 21-µm wide segments 

shown in Fig. 4.25a were produced by the cracking of a 42-µm segment at its center at     

~1.5 GPa of fracture stress. The initial strain, in unloaded state, for these cracked coating 

segments is considered as 0%, and all the previous substrate-plastic straining has been 

neglected here. The stress profiles were estimated (using Eq. 2.4) at an applied tensile strain 

of ~0.67%, and the substrate had undergone some plastic deformation at this strain level. 

Fig. 4.26a shows that all the cracked coating segments have tensile stress at the middle, 

which is gradually decreased to compressive stress (of ~−1.0 GPa) towards the edges/cracks. 

However, the 42 µm wide segment exhibits the largest tensile stress at the same applied strain 

(a) (b) 
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of ~0.67%. In order to crack a smaller segment, a higher substrate strain is, thus, needed and 

the cracking of a segment results in a stress drop (see Fig. 4.26a). Fig. 4.26b shows the stresses 

measured along path ‘3’ (given in Fig. 4.25a). The stresses were measured along the mid-line 

of the cracked coating segment from the cracked to the un-cracked area under the applied 

tensile strain. The results show that the stress state is changing from compressive to tensile, 

moving from a cracked to an un-cracked region. This shows that the coating segment area near 

the crack is always under compression, even under applied tensile strain. 

  

Fig. 4.26. (a) The experimental stress distribution profiles on a 42 µm wide and two small 21 µm wide 
cracked coating segments shown in Fig. 4.25a, measured by micro-Raman spectroscopy. The smaller 
segments (21 µm each) have been produced by the cracking of the 42 µm segment at its center at ~1.5 
GPa of tensile stress (see Fig. 4.25a). Both stress profiles are measured under the same tensile strain 
of ~0.67%. It can be seen that the larger segment has more tensile stress at the middle compared to 
the smaller segments under the same strain. (b) The stresses along path ‘3’ shown in Fig. 4.25a. The 
stress is changing from compressive to tensile, moving along the mid-line of the cracked coating 
segment from the cracked to the un-cracked region. The system is under applied tensile strain. 

For a different 42 µm wide cracked coating segment, the stress distribution was measured 

first in the unloaded and then in the loaded state after a previous total substrate strain of 𝜀𝑎 ≈ 

1.5% (Fig. 4.27). In the unloaded condition, the stress distribution in the coating segment is a 

bit uneven and varies between −1.0 GPa and −0.5 GPa of compressive stress. On average, 

the middle of the segment has a slightly higher stress level compared to the edges, but the 

whole segment is in the compressive regime. This might be due to the plastic deformation of 

the substrate. The maximum compressive stress is ~−1.0 GPa (near the edges), and it is far 

less than the residual stress at the start of the tensile test, i.e. ~−5.5 GPa, which means that a 

(a) (b) 
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large amount of the compressive residual stress has already been relieved by the previous 

plastic straining of the substrate. Afterwards, applying an additional tensile strain of ~0.65%, 

the central portion of the cracked segment was raised to a tensile stress level of ~1.5 GPa 

(Fig. 4.27), while the area near the edges remained in compression, probably due to the 

bending of the coating segment caused by the substrate deformation [6]. On a small further 

strain increment, the segment cracked into two smaller segments almost at its center, thus 

the 42 µm wide segment was no longer available to measure the stress distribution after 

unloading from this point. 

 

Fig. 4.27 The stress distribution along another 42 µm wide segment in the unloaded and loaded 
states. The development of the tensile stress at the middle of the coating segment, under tensile 
strain, can be seen. 

At the end of the experiments, the delaminated regions were analysed for stress state, and 

most of these regions showed a stress free state with a Raman peak frequency of 1332 cm−1.  

4.3.4. Fracture and Interfacial Strengths of Diamond Thin Film from Shear Lag Model 

Calculation of the fracture strength of CVD diamond thin film 

According to Agrawal and Raj [36] and Chen et al. [105] the film crack initiation strain 

(corresponding substrate-strain), measured during in-situ tensile testing, can be used to 

calculate the fracture strength of the film. This is only true when there is perfect shear stress 

transfer to the film across the interface (only in the case of elastic substrate deformation). In 
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the given case, the first cracking in the coating is occurring in the elastic-plastic regime of the 

substrate (see Fig. 4.16 and Fig. 4.23) and with the onset of yielding in the substrate the 

stress transfer to the coating is reduced, therefore, no more perfect shear stress transfer to the 

coating occurs and the strain developed in the coating becomes smaller than the given 

substrate-strain. This ultimately results in the fracture of the coating at a higher applied 

strain. This higher substrate strain eventually gives an overestimated value of the fracture 

strength of the film, if it is calculated using shear lag model (Eq. 2.21 i.e., 𝜎� = 𝐸𝜀𝑓 + 𝜎𝑅) 

based on the Agrawal and Raj method [36]. For example, if the stress-strain behaviour of a 

diamond/Ti-foil system (Fig. 4.23a) is considered for the fracture strength calculations using 

Eq. 2.21 with 𝜀𝑓 ≈ 1.0%, E = 1200 GPa (for diamond) and 𝜎𝑅 ≈ −5.5 GPa in the diamond 

film, then 𝜎� = 6.5 GPa, which is a much higher value compared to ~1.5 GPa of fracture 

strength of the diamond film estimated from the Raman experiments. Similarly, for a 

diamond/Ti-6Al-4V alloy system with 𝜀𝑓 ≈ 0.65%, E = 1200 GPa (for diamond film) and 

𝜎𝑅 ≈ −5.2 GPa, the fracture strength of the film 𝜎� = 2.6 GPa which is again higher than the 

fracture strength estimated from Raman measurements. These examples clearly show that 

the calculation of film-fracture strength using classical shear lag model, in the case where 

first film cracking occurs in the elastic-plastic regime of the substrate, gives an overestimated 

result. Therefore, for interfacial strength calculations an estimated fracture strength value, 

from micro-Raman experiments, has been used.     

Interfacial shear strengths and delamination of different diamond coating systems  

For interfacial strength calculations, the shear lag model by Chen et al. [105] has been 

modified to use the fracture strength estimated from Raman experiments. The original Chen 

et al. model is: 

�̂� =
4𝛿𝜎�

𝜆𝑜(𝜋 + 4)
 

 

4.1 
  

and after modification it becomes 

�̂� =
4𝛿𝜎𝑓(𝑅𝑎𝑚𝑎𝑛)

𝜆𝑜(𝜋 + 4)
 

 

4.2 
  

where �̂� is the interfacial strength of the film, 𝛿 is the film thickness and 𝜆𝑜 is the mean 

saturated crack spacing.  
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After in-situ tensile testing, the mean saturated crack spacing for different diamond coated 

systems (see Fig. 4.28a-d) was measured using Image-J ® software and the interfacial shear 

strengths were calculated using Eq. 4.2. The results of the interfacial strength calculations are 

listed in Table 4.4. It appears from the results that the interfacial strength of all the coating 

systems is very low leading to an early and rapid delamination of the coating. Among all the 

systems, the diamond/Ti-6Al-4V system has the highest and the diamond steel system has 

the lowest interfacial strength values. That’s why the diamond/steel system showed very 

poor adhesion with rapid and, large scale cracking and delamination of the diamond film 

under tensile load. With few strain increments during tensile test, the whole diamond 

coating bonded to the steel substrate was delaminated leaving behind TiBN interlayer on the 

steel surface (see Fig. 4.19d). The calculated shear strengths (see Table 4.4) for different 

diamond/substrate systems are in accordance with the scale of delamination presented in 

Fig. 4.19 (a-d).  

  

  

Fig. 4.28. The saturated crack spacing for different CVD-diamond/metallic substrate systems after 
tensile testing in SEM: (a) diamond/Ti-foil. (b) diamond/Ti-sheet, (c) diamond/Ti-6Al-4V alloy and 
(d) diamond/X46Cr13. 
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Table 4.4. The calculation of interfacial shear strengths of diamond coating on different metallic 
substrates using a modified Chen et al. [105] shear lag model (Eq. 4.2).   

Coating systems 
Diamond/ 

Ti-foil 
Diamond/ 

Ti-sheet 
Diamond/ 
Ti-6Al-4V 

Diamond/ 
X46Cr13 

Mean crack spacing (𝝀𝒐) ~36 µm ~40 µm ~21 µm ~115 µm 

Thickness of the coating (𝜹) ~1.5 µm ~2 µm ~2 µm ~4 µm 

Fracture strength of the film (𝝈𝒇)* ~1.45 GPa ~1.35 GPa ~1.5 GPa ~1.5 GPa 

Interfacial shear strength (𝝉) ~36 MPa ~38 MPa ~80 MPa ~29 MPa 

Yield strength of the substrate (𝝈𝒚)  400 MPa 400 MPa 850 MPa 450 MPa 

Shear strength of the substrate (𝝉𝒚)** 231 MPa 231 MPa 491 MPa 260 MPa 

Delamination Yes Yes Yes Yes 

* evaluated from Raman spectra (see Table 4.3),      ** estimated with von Mises’ yield criterion 𝜏𝑦 = (1/√3)𝜎𝑦 

As described in theoretical background (section 2.4.4) that in coating/substrate systems, the 

maximum shear stress generated at the interface is limited by the tensile yield strength of the 

substrate. During tensile testing of a diamond coated substrate, the de-cohesion of the 

coating will occur only if the interfacial shear strength is less than the shear yield strength of 

the substrate [27]. In order to check whether the shear yield strength of the substrates is 

higher or lower than the calculated interfacial shear strengths of the coated systems, a 

comparison has been made and shown in Table 4.4. The comparison shows that the shear 

yield strength of all the substrates is much higher than the calculated interfacial strength 

values for different diamond coated systems, therefore, delamination of the diamond film 

will definitely occur. 

4.3.5. Post Mortem Characterization after Tensile Testing 

Fracture surface of the diamond coated substrate 

After tensile testing, the fracture surfaces of different diamond/metallic substrate systems 

were studied using SEM to get an overview of the fracture behaviour and structure of the 

diamond film and the interlayer. It was very difficult to get a good and clean picture of the 

fracture surface due to higher damage. A fracture surface of the diamond/Ti-foil system is 
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shown in Fig. 4.29. This fractograph shows a complete brittle fracture of the diamond coated 

Ti-foil. The broken vertically grown crystals of the diamond film and the fractured crystalline 

interlayer can be seen in the figure. 

    

Fig. 4.29. The fracture surface of diamond coated/Ti-foil system showing brittle fracture and the 
structure of diamond thin film and the interlayer.  

Through thickness cracking 

The surface of the tensile tested diamond coated specimens was analysed using scanning 

electron microscope (SEM) to study the nature of through thickness cracking after tensile 

testing. Fig. 4.30 presents a SEM micrograph of a cracked diamond surface. It shows a wide 

open crack running through the diamond crystals, which means that diamond thin film 

develops a transcrystalline type of fracture. 

In order to check the depth of through thickness cracks and the crack initiation point, some 

parallel cracks were cross-sectioned using FIB. Fig. 4.31a shows one of such a cross section 

made in diamond/Ti system. It shows that the crack has not penetrated into the substrate, 

which shows the high toughness of the substrate compared to the coating and the interlayer. 

The localized substrate plastic deformation can also be seen in the vicinity of the crack 

opening . Some cross sections were made between the parallel cracks to locate a crack that is 

not fully propagated so that the crack initiation point could be located. Fig. 4.31b shows 

such a cross section with a crack. It appears that this crack has initiated from the interface

2 µm 

D
iam

ond 

Titanium
 

A
lpha case at 

the Interlayer 

Fracture surface 



EXPERIMENTAL RESULTS   103 

 

Fig. 4.30. SEM micrograph of a cracked diamond surface with a trans-crystalline diamond fracture.  

  

Fig. 4.31. (a) An FIB cross section across three parallel crack in the diamond surface, showing the 
depth of the crack and the localized substrate plastic deformation at the crack tip. (b) Another FIB 
cross-section showing that the crack has initiated from the interface. 

and propagated towards diamond surface because this crack has yet not reached the 

diamond film surface (see the magnified view in Fig. 4.31b). Also it can be seen that there is 

no crack line present on the diamond surface (Fig. 4.31b). Similar crack initiation was shown 

by Krishnamurthy and Reimanis [16] with experiments and Nekkanty et al. [6] with FE-

simulations. But it does not mean that the crack will always start from the interface, it can 

start from any inhomogeneity present at the surface or subsurface. 

Another different kind of cracking phenomenon was observed during the in-situ tensile 

testing of the diamond/steel system with TiBN interlayer. The surface of the diamond film 

with this cracking is shown in Fig. 4.32a, where it can be seen that instead of the initiation of 
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parallel cracks in the coating, the cracking starts in an irregular way and resembles 

intergranular cracking. On further straining, parallel cracks were obtained in the diamond 

film. This was a strange phenomenon and was not observed in other diamond/substrate 

systems during tensile testing. In order to check whether it is an inherent phenomenon of the 

diamond film or related to TiBN interlayer, the delaminated surface of a diamond/steel 

system was observed in a light macro-scope. A similar crack morphology was present on the 

surface of TiBN after diamond delamination (Fig. 4.32b). It shows that this cracking was 

developed in TiBN interlayer which produced similar cracking patterns in the diamond film. 

This intergranular-like cracking could be related to the grain size of the steel because the 

diamond/X46Cr13 steel system was annealed at ~775°C for 4-5 hrs to induce more ductility 

in the substrate so that the tensile test could be performed within the range of the load cell of 

the micro-tensile testing device. 

  

Fig. 4.32. (a) The surface of diamond coating on X46Cr13 steel during in-situ tensile testing in SEM, 
showing intergranular-like cracking. (b) The delaminated surface of diamond/steel system observed 
in a light-macro-scope, showing similar cracking in TiBN interlayer. 

Characterization of delamination 

The delaminated surface of different diamond coating systems was studied with a scanning 

electron microscope (SEM) to analyze the mode of delamination. Fig. 4.33 shows two 

modes of coating delamination in the direction of tensile axis. Fig. 4.33a shows a 

delaminated region in diamond film at the intersection point of two cracks, which shows 

that the junction of two cracks can lead to a delamination. Another common mode of 

coating delamination is shown in Fig. 4.33b in which coating is delaminated from the edges 
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of the cracked coating segments due to the generation of high shear stress at the interface 

near the edges under tensile deformation of the substrate. When this cracking further 

proceeds, the whole width of the coating segment is delaminated. 

  

Fig. 4.33. (a) A SEM micrograph taken from the delaminated surface of diamond thin film, showing 
that the junction of two cracks can lead to delamination. (b) Another mode of delamination in which 
coating delaminates from the edges of the cracked coating segment due to bending under tensile 
deformation of the substrate. 

In order to check which interface has led to shear cracking, some FIB cross-sections were 

prepared across the junction of delaminated and non-delaminated diamond regions. One of 

such a cross section for diamond/Ti system is shown in Fig. 4.34a and its magnified view in 

Fig. 4.34b. It can be seen that the delamination is ocurring along the weaker diamond–

interlayer interface and there is no delamiantion crack present at the substrate–interlayer 

  

 Fig. 4.34. (a) An FIB cross section across the delaminated area, showing that the diamond-TiC 
interface is delaminated. (b) A magnified view of the delaminated area.  
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Fig. 4.35. (a) A SEM micrograph taken from the delaminated surface of diamond/steel system, 
showing that the delamination has undergone at diamond/TiBN interface. (b) A magnified view of 
the delaminated area. 

interface. Fig. 4.35 shows the picture taken from the delaminated surafce of diamond/steel 

system and it is clear from the micrographs that the delamination has undegone at the weak 

diamond-TiBN interfcae because needle like structure of the TiBN-interlayer is visible on the 

surface. 

Characterization of buckling 

During tensile testing of a specimen, the axis perpendicular to the direction of tensile loading 

undergoes Poisson’s contraction. But in a coating/substrate system with a large difference in 

Poisson’s ratios (e.g., 0.07 for CVD-diamond and 0.34 for pure-Ti), the coating segments 

suffer from buckling as a result of the compressive deformation produced in the substrate in a 

direction perpendicular to the tensile axis. The buckling phenomenon was also observed in 

the diamond/Ti-foil system (see Fig. 4.36a-c). A bridge like delaminated buckle is shown in 

Fig. 4.36a, which is developed due to compressive strain produced in the substrate. Fig. 

4.36b shows another buckle which was delaminated and then cracked in the middle. In order 

to see the in depth damage produced by buckle-delamination, an FIB cross- section was 

made across a buckle (Fig. 4.36c). The FIB cross section shows that in buckling mode the 

diamond film also delaminates from the diamond-interlayer interface. The buckling crack at 

the middle of the segment can be clearly seen in the figure. There is a white layer present 

underneath buckle-delaminated diamond film, this is due to FIB re-deposition and must be 

ignored. 
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Fig. 4.36. (a) A SEM micrograph showing a bridge like buckle-delamination. (b) Another buckle 
showing crack in the middle. (c) An FIB cross section made across the buckle in Fig b, showing that 
the buckle delamination of diamond film is occurring along diamond-interlayer interface. 

4.4. Macroscopic Methods of Adhesion Testing 

4.4.1. Rockwell C Indentation Test 

In order to compare the coating adhesion of diamond/Ti, diamond/Ti-6Al-4V and 

diamond/X46Cr13 steel systems a standard Rockwell C test was carried out (see Fig. 4.37). 

This test was also conducted to validate the coating adhesion strengths estimated with in-situ 

tensile tests (in SEM) using a modified shear lag model (see section 4.3.4 and Table 4.4). It 

appears from the adhesion comparison given in Fig. 4.37 (a-c) that the diamond/Ti-6Al-4V 

system has better adhesion than the other two systems. The indented surface of this system 

shows no radial cracks at the indent border but small delaminations in the coating are visible  
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Fig. 4.37. The Rockwell C indentation test of three diamond coated metallic substrates: (a) Pure Ti-
sheet, (b)  Ti-6Al-4V alloy and (c) X46Cr13 steel. The diamond/steel system has the worst adhesion 
as large scale delamination around the indent can be seen. Whereas the diamond/Ti-6Al-4V system 
has the better adhesion than the other two systems as no radial cracks are visible and only small 
delaminations can be seen at right boundary  

in a small portion of the indent border on the right side (Fig. 4.37b). The rest (~75%) of the 

indent border is undamaged. The coating region on the left side of the indent is also showing 

small delaminations (Fig. 4.37b). This effect is related with the bulging (pile up) of the 

substrate in the deformation zone around the indent. The uneven delamination of the 

coating is linked with the inhomogeneities, randomly present along the diamond/interlayer 

interface (see Fig. 4.4c). It is very difficult to assign an HF number (see section 2.4.5 and 

compare this impression with the Rockwell chart given in Fig. 2.20a) to this Rockwell 

impression because of the unusual behaviour of diamond film on Ti-6Al-4V alloy. In case of 

diamond/Ti-sheet system, the indented surface is showing some intermittent radial cracks at 

the indent boundary along with delamination in a small region near the indent (Fig. 4.37a). 
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Within the Rockwell indent, some circumferential cracks along with the delamination can 

also be seen (Fig. 4.37a). Here again the damage response of the diamond coating system 

(diamond/Ti) to Rockwell-C indentation, is uneven but the damage is higher than the 

diamond/Ti-6Al-4V system. Now if we compare the Rockwell impression in diamond/Ti 

system with the Rockwell indentation chart (Fig. 2.20a) then again it will be difficult to 

assign an HF number to this diamond coating. As these two coating systems are not showing 

large scale delamination, therefore, these are in the acceptable range (see section 2.4.5 

and Fig. 2.20a). The diamond/X46Cr13 steel system has the worst adhesion with clearly 

HF6 level because large scale delamination was found around the Rockwell-C indent (Fig. 

4.37c). The results of the Rockwell adhesion test are comparable to the adhesion strengths 

estimated by shear lag method (see Table 4.4). After Rockwell indentation test, the 

diamond/Ti system was cross-sectioned using FIB across a radial crack to check its depth 

(see Fig. 4.38). It is clear from the cross-section that the crack has stopped at the surface of 

the substrate showing similar behavior as was observed in the case of tensile testing (see Fig. 

4.31). 

 

Fig. 4.38. The FIB cross section across a radial crack in diamond/Ti system. The crack has stopped 
at the surface of the substrate. 

4.4.2. Scratch Testing of Diamond Thin Films 

The scratch testing is another standard method to analyze the adhesion of thin films (see 

details in section 2.4.5). This test was also conducted on three diamond coating systems to 

compare the adhesion levels. The results are presented in Fig. 4.39 (a-c). The comparison 

2 µm 

Diamond 

TiC interlayer 
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shows that the diamond/Ti system has undergone highest scratch damage due to softer Ti-

substrate compared to the other two substrates that allowed the ball indenter to penetrate 

deeper to cause more delamination of the diamond film at the end of the scratch and also 

during scratching. The Fig. 4.39a shows that the minor delamination had actually started at 

~115 N load, and at ~150 N load sufficient delamination can be seen. At the end of the 

scratch (at 200 N load), a large scale flaking can be seen. In case of diamond/steel system, 

the delamination was less than the expected level (see Fig. 4.39c). This might be due to very 

thick and hard TiBN interlayer (~8 µm thick) along with thicker diamond film (~4 µm) 

which did not allow the ball indenter to penetrate deeper into the substrate to cause large 

scale delamination of the diamond film as shown by the Rockwell (Fig. 4.37c) and tensile       

 
10 mm 

400 µm 400 µm 400 µm 

100 N 200 N 

Diamond/Ti-sheet 

(a) 
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Fig. 4.39. The comparison of adhesion of three diamond coating systems. The scratch track for all 
the coating systems can be seen in Figs (a-c). The length of the track is 10 mm and a load range of 
100-200 N was used for scratching. In diamond/Ti system, the large area delamination at the end of 
the scratch can be seen.   

test (Fig. 4.19d). The diamond delamination starts at ~150 N load and is increased towards 

the end of scratch (bit higher delamination at 200 N load can be seen in Fig. 4.39c). The 

diamond/Ti-6Al-4V alloy system showed a bit better adhesion than the other two systems. 

The delamination behavior is similar to the tensile testing i.e., in the form of small chips (see 

10 mm 

100 N 200 N 

Diamond/Ti-6Al-4V 

400 µm 400 µm 400 µm 

(b) 

10 mm 

100 N 200 N 

Diamond/X46Cr13 

400 µm 400 µm 400 µm 

(c) 
Cont…. 
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Fig. 4.39b at 200 N load and Fig. 4.18). So the results of diamond/Ti and diamond/Ti-6Al-

4V systems are comparable to Rockwell-C indentation and tensile test.  

4.4.3. Effects of Substrate Mechanical Properties on the Adhesion Measurement 

In both Rockwell and scratch adhesion testing methods, the mechanical properties of the 

substrate play an important role and affect the adhesion measurement. Consider two similar 

coating substrate systems with the same adhesion strengths: one with a harder substrate and 

the other with a softer substrate. In case of a softer substrate, the indenter penetration will be 

higher and eventually more delamination of the coating will occur compared to the harder 

substrate. This may lead to an underestimation of the adhesion level. 
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5. ANALYTICAL AND FINITE ELEMENT MODELLING 

5.1. Analytical Modelling 

In this section the mathematical modelling to describe the stress strain behaviour of thin 

brittle films on ductile substrates will be presented. This work has already been published in 

Acta Materialia [119] and is reproduced here as a part of this thesis.  

Most of the mathematical background for this approach is based on the work by Hseuh and 

Yanaka [21] and Frank [4] et al. Their models have already been discussed in the 

section 2.4.4. Here, a modification of their shear lag model is presented for considering the 

effects of plastic straining of the substrate on the stress-strain behaviour, stress distribution 

and cracking in coating segments.  

It has been discussed in the section 2.4.4 that according to finite elements modelling, under 

tensile deformation of the substrate, a cracked coating segment produces compression zone 

near the edges and tensile in the middle [6,16] whereas the stress distribution profiles 

following classical shear lag model do not show any compression near the edges under 

tensile load [4-6,16,21,28,36]. The experimentally generated stress profiles in this work are 

also more similar to FE-generated profiles; therefore, here the shear lag model was modified 

to better describe the experimental findings. 

A coating/substrate system is shown schematically in Fig. 5.1. The x-coordinate is parallel to 

tensile direction, z-coordinate is perpendicular to tensile direction and y-coordinate is out of 

plane. A brittle cracked coating segment of length L and thickness h is bonded to the 

substrate of thickness s. The substrate is an elastic-plastic solid and the applied external strain 

is 𝜀𝑎. The strain is applied in the 𝑥–direction and the film contains equi-biaxial residual 

stresses (𝜎𝑟𝑒𝑠) relative to the substrate before any loading is applied. For analytical 

modelling, the normalized length 𝑥/𝐿 with −𝐿/2 ≤ 𝑥 ≤ 𝐿/2 has been used.  

In this analytical model, the effect of the substrate plasticity on the stress evolution and 

cracking in the coating has been involved by taking into account the total applied strain as 

the sum of the elastic (𝜀𝑒𝑙) and plastic strain (𝜀𝑝𝑙) i.e.,  
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𝜀𝑎 = 𝜀𝑒𝑙 + 𝜀𝑝𝑙 5.1 

The plastic strain of the substrate is then given as:  

𝜀𝑝𝑙 = 𝜀𝑎 − 𝜀𝑒𝑙 5.2 

  
As 𝜀𝑒𝑙 = 𝜎𝑠/𝐸𝑠, therefore, 

𝜀𝑝𝑙 = 𝜀𝑎 − 𝜎𝑠/𝐸𝑠 5.3 

  
The 𝜎𝑠 R is the resulting stress in the substrate and 𝐸𝑠 is the Young’s modulus of the substrate. 

The buckling behaviour [4,107,108] of the coating in the z-direction perpendicular to the 

uniaxial tensile straining and additional interlayers are not considered in the modelling for 

simplification.  

 

Fig. 5.1. A schematic model showing a coating/substrate system with multiple cracking and a crack 
spacing of length 𝐿.  

5.1.1. Elastic Substrates 

The analytical model by Hseuh and Yanaka [21] gives the stress analysis of multiple brittle-

film cracking in film/substrate systems with residual stresses and uniaxial loading, and can 

be used to examine stress distribution in cracked coating segments under the elastic 

deformation of the substrate. The model of Frank et al. [4] describes the failure mechanism 

of thin brittle film with residual stress under unidirectional loading to create a relationship 

between film fragmentation and buckle formation. These models nicely describe the stress 

distribution and evolution in cracked coating segments under elastic deformation of the
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substrate but do not consider the effects of the plasticity of the substrate.  

 According to Hseuh and Yanaka [21] and Frank et al. [4] the stress distribution and 

evolution in the coating segment is of the form: 

    𝜎𝑥(𝑥/𝐿) = �
𝐸𝑓𝜀𝑎

�1 − 𝜈𝑓2�
�1 − 𝜈𝑓𝜈𝑠� + 𝜎𝑟𝑒𝑠� ∙ [1 − 𝑓(𝑥, 𝐿)] 5.4  

where 𝐸𝑠, 𝐸𝑓, 𝜈𝑠 and 𝜈𝑓 are the Young’s moduli and Poisson’s ratios of the substrate and the 

film, respectively, and 

𝑓(𝑥, 𝐿) = �
cosh(𝛼𝑥)

cosh(𝛼𝐿 2⁄ )�  5.5  

where 

𝛼 = �
3

2𝑠ℎ(1 + 𝜈𝑠)
�
ℎ
𝑠

+
(1 − 𝜈𝑓2)𝐸𝑠

(1 − 𝜈𝑓𝜈𝑠)𝐸𝑓
��

1/2

 

 

5.6  

𝛼 [21] is a dimensionless parameter depends upon the thickness of the coating and the 

substrate. Eq. 5.4 explains the stress evolution and distribution in coating segments bonded 

to the substrate under elastic deformation of the substrate. Furthermore, in this model the 

residual stress in the film is a function of the cracked segment length, in the unloaded state, 

i.e., if the cracked coating segment is decreased in size, under applied tensile load, then after 

unloading the residual stress show a smaller value (Fig. 5.2a). Prior to any loading, the 𝜎𝑟𝑒𝑠 

is zero at the edges and maximum in the middle of the segment (see Fig. 5.2a). However, for 

a purely elastic substrate underneath the coating, it is now assumed that the residual stress 

reverts to its original value after unloading (i.e., the residual stress in the film is no longer a 

function of the coating segment length), since the cracked surfaces are pressed against each 

other and the sample is fully restored.  Here, a uniform distribution of the residual stress is 

assumed, which is independent of the coating segment length, prior to any loading and in 

the unloaded state for any purely elastic substrate (see Fig. 5.2b). So a new equation is 

proposed to satisfy these conditions:  

    𝜎𝑥(𝑥/𝐿) = �
𝐸𝑓𝜀𝑎

�1 − 𝜈𝑓2�
�1 − 𝜈𝑓𝜈𝑠�� ∙ [1 − 𝑓(𝑥, 𝐿)] + 𝜎𝑟𝑒𝑠 5.7  
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Fig. 5.2. The stress distribution and cracking of an 80 µm long coating segment under elastic 
deformation of the substrate evaluated with Eq. 5.4 (Fig. a) and with Eq. 5.7 (Fig. b). The arrows 
are showing stress relaxation after cracking in the coating segments. The dependence of residual 
stress in the film on the segment size can be noted in Fig. a compared to Fig. b. 

Eqs. 5.4 and 5.7 can be better understood with the help of Fig. 5.2 (a and b). For 

calculations, diamond/Ti system is selected with diamond as an elastic coating (1.5 µm 

thick) and titanium assumed to be a perfectly elastic substrate (100 µm thick). The stress in 

the coating is limited by the fracture stress of 𝜎𝑓 = 1.5 GPa. If the fracture stress is reached 

for an applied strain, the coating is cracked and the segment length is divided by two. The 

other parameters are 𝐸𝑓 = 1200 GPa, 𝐸𝑠 = 104 GPa, 𝜈𝑓 = 0.07 and 𝜈𝑠 = 0.34 [116]. The 

stress distribution in the coating segment, −L/2 ≤ x ≤ L/2, is symmetric with respect to 

middle of the segment (i.e., x = 0). Fig. 5.2a (made with Eq. 5.4 – the previous model) and 

Fig. 5.2b (made with Eq. 5.7 – the modified model) show the cracking of a small coating 

segment (80 µm in length) under the elastic deformation of the substrate. For both cases, the 

stress profiles are parabolic in shape and have maximum stress at the middle. In Fig. 5.2a 

stress level at the edges is zero, whereas in Fig. 5.2b the area near the edges is under 

compression. In unloaded state (at 𝜀𝑎 = 0) for both models, before cracking, the film 

segments are under compression (with max. 𝜎𝑟𝑒𝑠 = −0.9 GPa at the centre for Fig. 5.2a and 

a constant 𝜎𝑟𝑒𝑠 = −1.0 GPa for Fig. 5.2b). When the tensile strain is applied to the substrate, 

the film segment is loaded up to the fracture stress of the film and cracked into two smaller 

segments followed by stress relaxation in the film (see arrows in Fig. 5.2a and b). Both 

(a) (b) 
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models, furthermore, show that the smaller coating segments need higher strain level for 

further cracking. In case of previous analytical model (Eq. 5.4 and Fig. 5.2a), with a decrease 

in coating segment size after cracking, the residual stress is reduced and does not revert to its 

original value after the unloading of elastic substrate (see dotted line Fig. 5.2a), so showing 

residual stress dependency on segment size. While, in case of modified model (Eq. 5.7 and 

Fig. 5.2b), the residual stress fully reverts to its original value after unloading and is 

furthermore independent of the segment size. The residual stress is moreover uniform in the 

segment in the unloaded state. The shape of these stress profiles in Fig. 5.2b is similar to the 

experimental (Raman) profiles shown in Fig. 4.26a. 

5.1.2. Elastic-plastic Substrates 

For introducing plasticity of the substrate in the above model Eq. 5.4, the basic assumption 

on the effect of plastic deformation of the substrate on the evolution of the residual stress in 

the coating is discussed.  

In a coating/substrate system with a brittle coating on an elastic-plastic substrate, the stress 

generated in the substrate due to the applied strain is transferred to the coating by shear stress 

at the interface. Fig. 5.3 explains the effect of elastic and plastic deformation in the substrate 

on the residual stress evolvement in the coating. Before yielding, the deformation behaviour 

is according to the elastic substrate as discussed in section 5.1.1, where upon unloading the 

residual stress in the coating is restored to its original condition (see Fig. 5.3 for the constant 

residual stress regime in the coating within the elastic region of the substrate). Once the 

substrate yields, the initial strain difference (residual stress) between the substrate and the 

coating is permanently reduced for the compressive residual stress or increased for the tensile 

residual stress in the coating. After unloading from the elastic-plastic regime, only elastic 

strains are recovered and the residual stress in the coating is reduced. Fig. 5.3 shows an 

example of the compressive residual stress in the film which is first permanently reduced to 

zero level and then enters in the tensile regime with the plastic deformation in the substrate. 

This effect also depends upon the flow stress of the substrate. For materials with a higher 

yield strength and a higher modulus of elasticity, the stress transfer to the coating is higher 

than for softer substrates. This will cause an early residual stress evolvement and cracking of 

the coating at smaller strain level. 
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Fig. 5.3. The evolvement of residual stress in the coating with elastic and plastic deformation in the 
substrate. The residual stress in the coating is constant within the elastic substrate-regime. With 
plastic substrate-deformation the residual stress in the coating is permanently reduced.  

The elastic-plastic flow behaviour of the substrate is incorporated in the model (Eq. 5.4) by 

defining the total applied strain as a sum of the elastic and the plastic strains. The plastic 

strain of the substrate is given in Eq. 5.3. For thin films, plane stress condition is assumed, 

therefore, equi-biaxial residual stress in the film can be written as: 

𝜎𝑟𝑒𝑠 = �
𝐸𝑓

(1 − 𝜈𝑓)
� ∙ 𝜀𝑟𝑒𝑠  5.8  

or 

𝜀𝑟𝑒𝑠 = �
�1 − 𝜈𝑓�

𝐸𝑓
� ∙ 𝜎𝑟𝑒𝑠  5.9  

But the residual stress in the film is a function of the plastic strain of the substrate: 

𝜎𝑟𝑒𝑠(𝑝𝑙) = �
𝐸𝑓

(1 − 𝜈𝑓2)
� ∙ �𝜀𝑟𝑒𝑠�1 + 𝜈𝑓� + (1 − 𝜈𝑓𝜈𝑠)𝜀𝑝𝑙�  5.10  

Substitution of Eq. 5.3 into Eq. 5.10 gives: 
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𝜎𝑟𝑒𝑠(𝑝𝑙) = �
𝐸𝑓

(1 − 𝜈𝑓2)
� ∙ �𝜀𝑟𝑒𝑠�1 + 𝜈𝑓� + (1 − 𝜈𝑓𝜈𝑠) ∙ �𝜀𝑎 −

𝜎𝑠
𝐸𝑠
��  5.11  

The above equation gives the effect of plastic strain of the substrate on the permanent 

evolution of the residual stress in the coating. Now the Eq. 5.4 can be re-written for the 

elastic-plastic substrate as: 

    𝜎𝑥(𝑥/𝐿) = �
𝐸𝑓𝜀𝑒𝑙

�1 − 𝜈𝑓2�
�1 − 𝜈𝑓𝜈𝑠�� ∙ [1 − 𝑓(𝑥, 𝐿)]+𝜎𝑟𝑒𝑠(𝑝𝑙) 5.12  

The residual stress is now introduced in a modified Eq. 5.4 (i.e., Eq. 5.12). In Eq. 5.4 free 

surface boundary conditions are assumed for the crack surface, therefore, the stress at the 

edge is zero. Here in Eq. 5.12, however, we assume a different condition namely the crack 

surface is constrained by the underlying stiff substrate and the stress at the edge, in the 

unloaded condition, is equal to the residual stress in the film. This boundary condition does, 

thus, violate the assumption of a free crack surface and the model is not valid up to the free 

edge of a cracked segment. However, for considering an elastic-plastic substrate the stress in 

the coating needs to be a function of the plastic strain in the substrate. Moreover, since the 

cracked film segments move apart, the residual stress will not be fully recovered under elastic 

unloading. These effects need to be considered in order to describe the experimental 

findings. 

Substitution of Eqs. 5.5 and 5.11 into Eq. 5.12 gives: 

𝜎𝑥 �
𝑥
𝐿
� = �

𝐸𝑓𝜀𝑒𝑙
�1 − 𝜈𝑓2�

�1 − 𝜈𝑓𝜈𝑠�� ∙ �1 −
cosh(𝛼𝑥)

cosh(𝛼𝐿 2⁄ )� + �
𝐸𝑓

(1 − 𝜈𝑓2)
� ∙ �𝜀𝑟𝑒𝑠�1 + 𝜈𝑓� + (1 − 𝜈𝑓𝜈𝑠) �𝜀𝑎 −

𝜎𝑠
𝐸𝑠
�� 5.13  

or Eq. 5.13 can also be written as 

𝜎𝑥 �
𝑥
𝐿
� =

𝐸𝑓�1 − 𝜈𝑓𝜈𝑠�
�1 − 𝜈𝑓2�

�𝜀𝑒𝑙 ∙ �1 −
cosh(𝛼𝑥)

cosh(𝛼𝐿 2⁄ )� + �
𝜀𝑟𝑒𝑠�1 + 𝜈𝑓�
(1 − 𝜈𝑓𝜈𝑠)

+ �𝜀𝑎 −
𝜎𝑠
𝐸𝑠
��� 5.14  

Using Eq. 5.14, the stress-strain behaviour, the stress distribution and the stress evolution in 

a coating/coating segment on an elastic-plastic substrate can be estimated.  
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The maximum amount of stress in a coating segment is generated at its centre for 𝑥 = 0. 

Cracking of the coating segment occurs once 𝜎𝑥 (𝑥 = 0) approaches 𝜎𝑓 (fracture strength of 

the film) at the fracture strain 𝜀𝑓 [21]. When the fracture strain 𝜀𝑓 R is given to an un-cracked 

coating, the corresponding 𝜎𝑥 (𝑥 =  0)  approaches 𝜎𝑓, such that 

𝜎𝑓 =
𝐸𝑓�1 − 𝜈𝑓𝜈𝑠�
�1 − 𝜈𝑓2�

�𝜀𝑒𝑙 + �
𝜀𝑟𝑒𝑠�1 + 𝜈𝑓�
(1 − 𝜈𝑓𝜈𝑠)

+ �𝜀𝑓 −
𝜎𝑠
𝐸𝑠
��� 5.15  

5.2. Results of Analytical Modelling 

This section describes the results of the analytical modelling based upon different 

experimental findings from the in-situ tensile tests in SEM and micro-Raman spectroscopy. 

Analytical modelling has also been used to compare the effects of different mechanical 

properties of the film and the substrate on the cracking behavior of the diamond coating. The 

material input parameters used for calculations are shown in Table 5.1.  

Table 5.1. The material input parameters used for calculations with analytical models.  

Material input Parameters Diamond/Ti-foil 

Substrate–thickness (𝒔) 100 µm 

Film–thickness (𝒉) ~1.5 µm 

Film–Young’s modulus (𝑬𝒇)* 1200 GPa 

Substrate–Young’s modulus (𝑬𝒔) 104 GPa 

Film–Poisson’s ratio (𝝂𝒇)* 0.07 

Substrate–Poisson’s ratio (𝝂𝒔)* 0.34 

Yield strength of the substrate (𝝈𝒇𝒍𝒐𝒘) 400 MPa 

Residual stress in the film (𝝈𝒓𝒆𝒔)** −5.5 GPa 

Fracture strength of the film (𝝈𝒇)** 1.5 GPa 

       *[61,116],    **evaluated from Raman spectra (see Table 4.3) 
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In this work most of the experimental results have been obtained from diamond/Ti-foils 

systems, therefore, analytical models have been applied on this system first for a detailed 

stress analyses and for a comparison with the experimental results.  

5.2.1. Stress Distribution Profiles in Cracked Coating Segments 

Shape of the normal stress profiles 

In this section, general shape of the stress profiles in the coating segments is presented that is 

developed by the stress transfer from the substrate under the tensile deformation (elastic or 

elastic-plastic). It has already been discussed in section 2.4.4 that the stress distribution in a 

coating segment (under applied tensile load) has tensile stress at the centre that decreases 

towards edges (see Fig. 2.16 and Fig. 2.17). The larger coating segments have a plateau like 

and the smaller segments have parabola like stress distribution profiles (compare Fig. 2.17a 

and Fig. 2.17b). It is further shown by the finite elements modelling [6,16] that under tensile 

deformation the cracked coating segment produces tensile stress in the middle and 

compression zone near the edges of the segments (see Fig. 2.19a). The current analytical 

model has been used to calculate the general stress profiles for a small and a large coating 

segment (see Fig. 5.4a) and Eq. 5.14 is used for this purpose with 𝜎𝑟𝑒𝑠= − 1 GPa. The shapes 

of these profiles are comparable to those presented in the µ-Raman experimental results (see 

Fig. 4.26a and Fig. 4.27) and in the literature. It can be seen that the profiles have

     

Fig. 5.4. (a) The stress distribution profiles in a small and a large cracked coating segments made by 
using Eq. 5.14. (b) The stress distribution profiles in a 10 and 30 µm film segments made by Chen et 
al. [105] using FE-modelling.  

(a) (b) 
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tensile stress in the middle and compression near the edges. The large segment has plateau 

like and the small segment has parabola like stress profiles. These profiles are more like the 

FE-generated stress distribution profiles [6,16,105] and especially like the stress profiles 

presented by Chen et al. [105] (see Fig. 5.4b) because of the presence of compressive stress 

near the edges. The free edges have been excluded from the results because this model is not 

valid up to the free edges of the coating segments. 

Cracking of a coating segment under elastic-plastic deformation of the substrate 

The cracking mechanism of an 80 µm long coating segment under the elastic-plastic 

deformation of the substrate is shown in Fig. 5.5. These profiles are created using Eq. 5.14 

with 𝜎𝑟𝑒𝑠= − 1 GPa. It can be seen that the elastic deformation (𝜀𝑎 = 0.38%) of the substrate 

is insufficient to develop the required fracture stress in the coating; therefore, the substrate is 

further strained to 𝜀𝑎 = 0.47% to approach the fracture stress of the coating. At this point the 

segment is subdivided into two smaller segments (dotted green lines in Fig. 5.5) along with 

stress relaxation in the coating. The straining up to this point starts plastic yielding of the

 

Fig. 5.5. The cracking mechanism of a 80 µm long coating segment under elastic-plastic deformation 
of the substrate. The permanent evolvement of the residual stress from 𝜎𝑟𝑒𝑠= −1 GPa to 0 GPa can be 
seen under plastic deformation of the substrate. After unloading from 𝜀𝑎 = 0.47%, the coating 
relaxes to 𝜎𝑟𝑒𝑠= 0 GPa instead of −1 GPa. The figure shows that the elastic strain is insufficient for 
crack initiation; therefore, the substrate is strained to elastic-plastic regime to achieve fracture 
strength of the film. This figure can be compared with Fig. 5.2b for a better understanding.    
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substrate and the residual stress in the film is permanently relaxed to 𝜎𝑟𝑒𝑠 ≈ 0 GPa. Any 

unloading from this point relaxes the coating to 𝜎𝑟𝑒𝑠 ≈ 0 GPa instead of −1.0 GPa. The 

results, furthermore, shows that the newly formed segments require higher substrate strain 

for further cracking. Fig. 5.5 can be compared with Fig. 5.2b for a better understanding.    

5.2.2.  Stress-Strain Response and Cracking of the Coating 

In order to discuss the stress-strain and cracking behaviour of diamond thin film, a plot of 

the maximum stress in the diamond coating on the Ti-substrate versus the applied tensile 

strain (see Fig. 5.6) has been made using Eq. 5.14. The plot in Fig. 5.6 is prepared 

considering 𝑥 = 0 and initially an infinite coating with a first pre-defined crack segment of 

length 𝐿 = 336 µm. The next crack segment sizes are simply given by 𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙 2⁄ , once the 

strength criterion (𝜎𝑓 = 1.5 GPa) for the coating is reached. By that the crack segment 

lengths end up with sizes of 𝐿 = ∞, 336, 168, 84, 42, 21, 10.5, 5.25 µm. The other input 

parameters for diamond/Ti-foil system can be found in Table 5.1. The residual stress 

evolution with the applied tensile strain can be seen in the plot of Fig. 5.6. The unloading at 

different steps during tensile deformation and the recovered compressive stress upon 

unloading are also shown in the plot. In all the unloading steps, the unloaded stresses are 

plotted as a function of the strain under load, for the better visibility and preventing 

overlapping of the unloading lines.  The shape of this profile is comparable to the 

experimental (Raman) profiles shown in Fig. 4.23. On the secondary y-axis the strain 

produced in the coating as a function of the substrate strain is plotted. It can be seen in the 

plot that for a given substrate strain an equal amount of strain is produced in the film 

showing a perfect shear stress transfer to the film across the interface. It is found from the 

plot that the compressive residual stress in the diamond film remains constant upon 

unloading, until plastic deformation of the substrate starts at an applied strain of ~0.4%. 

With plastic straining the compressive stress is decreased, then enters into the tensile regime 

and saturates at 𝜎𝑚𝑎𝑥 ≈ 1.5 GPa. First cracking in the coating occurs there, calculating 

afterwards the stress for a cracked coating segment with a predefined length of 336 µm. 

Cracking results in a small stress drop, since the maximum stress in the coating depends on 

the segment length and cracking causes a stress relaxation (see a small stress drop in the solid 

line in Fig. 5.6 at the first cracking point at 𝜀𝑎 ≈ 0.58%). With further tensile straining, the 

stress in the coating segment reaches once again the coating strength level of 1.5 GPa and 
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then the segment is divided into two parts. Thus the crack spacing in the coating is decreased 

with increasing strain, followed by stress drops. 

 

Fig. 5.6. Modelled maximum stress in the diamond coating on Ti-foil (100 µm thick) as a function of 
the applied total strain 𝜀𝑎. The unloading at different steps during tensile deformation and the 
recovered compressive stress upon unloading can also been seen. The plot was made using Eq. 5.14 
at 𝑥 = 0. On the secondary y-axis strain produced in the coating is plotted as a function of substrate 
strain. It can be seen that for a given substrate strain, an equal amount of strain is produced in the 
coating showing perfect shear stress transfer to the coating. 

The plot of cracked-coating segments (𝐿 = 336, 168, 84, 42, 21, 10.5 and 5.25 µm) as a 

function of the applied total strain can be seen in Fig. 5.7a. This plot is made using Eq. 5.14 

for 𝜎𝑚𝑎𝑥 ≈ 1.5 GPa with input parameters from Table 5.1. It shows that the crack spacing is 

decreased quickly by the initial substrate deformation then it is followed by saturation. 

Larger coating segments require thus relatively small substrate-strains to initiate cracking. 

The very small cracked segments, found near saturation, also require smaller substrate strain 

for cracking owing to the tensile nature of the residual stress present in the coating. The 

shape of this profile is found similar to experimental profile (see Fig. 4.20) and those 

described by others experimentally and by the modelling [5,27,28,38]. 

The stress drops (shown in Fig. 5.6a) in the cracked coating segments are plotted against the 

crack spacing of a Fig. 5.7a and shown in Fig. 5.7b. Initially the stress drops are small, then 

increased and again become small with the reduction in crack spacing. For larger segments 
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the stress distribution is like a plateau over large distance (see Fig. 5.4a for big segment), 

therefore, upon cracking, the stress relaxation is localized near the cracked edges and the 

central portion of the segment shows only a small stress drop. At higher strains when smaller 

segment are formed, the stress distribution profile is parabolic in shape (see Fig. 5.4a for 

smaller segment) and after cracking the stress relaxation occurs nearly on the whole segment 

length. Smaller segments thus show large stress drops upon cracking. For still higher strains 

the residual stress is completely tensile in nature, which again reduces the stress relaxation.                

       

Fig. 5.7. (a) Modelled crack spacing as a function of the applied total strain. Large crack segments 
require less strain for cracking. The very small segments, which are found near the saturation, also 
require very small strain for cracking owing to the tensile nature of the residual stress present in the 
coating at that point. (b) The drop in the internal stress of the coating segments after cracking under 
applied tensile strain.  The stress relaxation is initially small, then increases and becomes small again. 

Delamination of the coating 

According to the above given results of the analytical modelling, the crack spacing continues 

to reduce. But in real life experiments, the crack spacing (λ) is saturated and limited by the 

interfacial shear strength (𝜏𝑖𝑓) of the coating/substrate system. Moreover, the critical 

interfacial shear strength (delamination) is reached only if 𝜏𝑖𝑓 < 𝜏𝑚𝑎𝑥 (maximum shear stress 

developed at the interface by the substrate deformation). Furthermore, the thickness of the 

coating (ℎ) influences the maximum shear stress (𝜏𝑚𝑎𝑥) at the interface and the maximum 

normal stress (𝜎𝑚𝑎𝑥) produced in the coating. Now the delamination of a coating/substrate 

system can be described in the following way by correlating the interfacial shear strength   

(a) (b) 
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(𝜏𝑖𝑓) and the fracture strength (𝜎𝑓) of the film: 

𝜏𝑖𝑓 ≈
ℎ
𝜆
∙ 𝜎𝑓  5.16  

5.2.3. Effect of the Material Input Parameters on the Response of Analytical Model 

In this section, different mechanical input parameters of the coating systems have been 

changed to observe the response of analytical model on the stress-strain and cracking 

behavior of the coating bonded to an elastic-plastic substrate. For calculations, the input 

material parameters have been taken from Table 5.1 and Eq. 5.14 is used for calculations.  

(a) Residual stress in the coating 

The change in initial residual stress in the diamond coating showed the change in the applied 

strain required for initial cracking in the film (Fig. 5.8). Five different values of compressive 

residual stress: −4.5, −5, −5.5, −6 and −6.5 GPa have been used to study this effect. It can be 

seen in the Fig. 5.8 that the cracking strain is increased with the increase in compressive 

residual stress in the coating i.e., higher initial compressive stress can delay the cracking in 

the coating. Furthermore, a linear behaviour is found from the plot shown in Fig. 5.8. These 

results are comparable to Raman spectroscopy results shown in Fig. 4.24 for diamond/Ti 

system with two different initial residual stress levels. In all cases the cracking is occurring in 

the elastic-plastic substrate regime.    

 

Fig. 5.8. The effect of initial residual stress in the coating on the strain required for crack initiation 
(𝜎𝑓 ≈ 1.5 GPa). 

𝜎𝑓 = 1.5 GPa 
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(b) Young’s modulus of the coating 

The change in the Young’s modulus of the film also showed the change in the crack 

initiation strain for different levels of Young’s moduli in the film (Fig. 5.9a). The plots in 

Fig. 5.9a have been created using five different values of film Young’s modulus: 800, 900, 

1000, 1100 and 1200 GPa for comparison. It can be seen in Fig. 5.9a that the strain required 

for initial film cracking is decreased with an increase in film Young’s modulus. Furthermore, 

the plot shows a linear behaviour. Fig. 5.9b shows the effect of film Young’s moduli (800, 

1000 and 1200 GPa) on the reduction and saturation of crack spacing. The results show that 

in a film with a higher Young’s modulus the crack spacing is reduced and saturates earlier 

(i.e., at lower applied strain) compared to the film with a lower Young’s modulus. In all 

cases, the first cracking is produced in the elastic-plastic substrate regime.  

  

Fig. 5.9. (a) The effect of film Young’s moduli on the crack initiation strain (𝜎𝑓 ≈ 1.5 GPa). (b) crack 
spacing in the film as of function of applied tensile strain for three different Young’s moduli of the 
film. 

(c) Young’s modulus of the substrate 

The Young’s moduli of the substrate material also affected the strains required for film crack 

initiation and saturation (Fig. 5.10). Fig. 5.10a is made using five different values of the 

substrate Young’s moduli: 50, 104, 220, 300 and 400 GPa and it shows that an increase in 

substrate Young’s moduli decreases (first rapidly then gradually) the strain required for crack 

initiation. Fig. 5.10b is showing the film crack spacing reduction and saturation affected by 

the change in substrate Young’s Moduli (50, 104 and 220 GPa). The results show that with 

𝜎𝑓 = 1.5 GPa 

𝜎𝑓 = 1.5 GPa 

(a) (b) 
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an increase in the Young’s moduli of the substrate, the strain required for the reduction and 

the saturation of crack spacing is decreased. The first cracking is produced in the elastic-

plastic regime of the substrate. 

  

Fig. 5.10. The effect of substrate’s Young modulus on the cracking and crack saturation strain. 

(d) Yield strength of the substrate 

The increase in substrate yield strength showed a negligible increase (almost no change) in 

the film-crack initiation strain (see Fig. 5.11a; this plot is made using five different values of 

substrate yield strength: 100, 200, 400, 600 and 800 MPa). These results are not consistent 

with the experiments, where a decrease in crack initiation strain has been observed with the 

increase in substrate Young’s moduli (see Fig. 4.20 and Fig. 4.23a and c). This behavior of 

the analytical model can be explained with Fig. 5.12, where a very large coating segment 

(~500 µm) is loaded up to 𝜎𝑓 = 1.5 GPa by using two different substrates: (a) 𝜎𝑦 = 200 MPa 

and (b) 𝜎𝑦 = 400 MPa. It can be seen in Fig. 5.12 that the increase in the substrate yield 

strength increases the elastic strain (𝜀𝑒𝑙) contribution and decreases the plastic strain (𝜀𝑝𝑙) 

contribution in stress development in the bonded film. The plastic strain (𝜀𝑝𝑙) only 

influences the film-residual stress evolvement and does not affect the stress development in 

the film. Whereas the elastic strain (𝜀𝑒𝑙) directly influences the stress development in the film 

but does not affect the film residual stress evolvement. As a consequence the crack initiation 

strain of the film remains uninfluenced by the change in the yield strength of the substrate. 

Fig. 5.11b is showing the effect of substrate yield strength (200, 400 and 600 MPa) on the 

reduction and saturation of film crack-spacing. The results indicate that with an increase in 

𝜎𝑓 = 1.5 GPa 

𝜎𝑓 = 1.5 GPa 

(a) (b) 
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the yield strength of the substrate, the strain required for crack-spacing reduction and 

saturation is increasing due to a decrease in plastic strain (𝜀𝑝𝑙) contribution of the substrate. 

This is again contrary to what has been observed in the experiments (see Fig. 4.20). In 

analytical modelling different parameters have not been considered, which affect the stress 

transfer to the film from the substrate, like: localized substrate plastic deformation in the 

vicinity of the crack openings, work hardening effect of the substrate, interlayer(s) between 

the substrate and the film, and the edge and bending effect of the film.  As a consequence, a 

perfect shear stress transfer to the film from the substrate occurs in the elastic as well as in 

  

Fig. 5.11. The effect of substrate’s yield strength on the cracking and crack saturation strain. 

   

Fig. 5.12. The effects of two different substrate yield strength levels (200 and 400 MPa) on the stress 
distribution and cracking of a 500 µm long segment. The increase in elastic strain (𝜀𝑒𝑙) contribution 
and the decrease in plastic strain (𝜀𝑝𝑙) contribution with the increase in yield strength can be seen.  
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the elastic-plastic regime of the substrate (see Fig. 5.6). The absence of these parameters can 

be responsible for this unexpected behaviour of the film produced by different yield strength 

levels of the substrate.  

5.3. Finite Element Modelling 

Finite elements method (FEM) is a numerical analysis technique, which is used to solve 

different complex structural problems which are difficult to be solved by simple analytical 

approach. The availability of high computing power and networks has made it possible these 

days to solve systems of hundreds of simultaneous equations and spread FEM throughout 

the engineering practice [111]. Different types of FEM tools (like Ansys ®, Abaqus ® etc.) 

are available in market these days which can be easily applied to complex stress problems 

like study of stresses in a turbine blade, loading of a human bone or tissue etc. In the field of 

materials science FEM can be applied to different testing and forming methods like rolling, 

forging, nano-indentation, three point bend testing, tensile tasting, bulge testing, 

microforming etc. In order to simulate the performance of a component in service only 

material properties and design data are required. Cohesive zone simulations can be used to 

simulate different fracture processes like crack initiation and propagation in different 

material systems, calculation of fracture toughness and J-integral etc.  

5.3.1. Design of Models 

Two dimensional (2D) models 

In order to validate the experimental and analytical findings, and to develop a deeper 

understanding of the stress transfer mechanism from ductile substrates to brittle coatings, 

three different 2D finite element (FE) models (Mod-1, Mod-2 and Mod-3) were developed 

using Simulia Abaqus ® commercial software version 6.10-1. Furthermore, the effect of 

different material (film and substrate) properties on the stress transfer from the substrate to 

the film, residual stress evolution in the film and stress distribution in cracked coating 

segments was studied under tensile conditions. 

For all the 2D-models, a coating of 2 µm thickness was modelled on a 50 µm thick substrate. 

A total of 1.1% strain was applied and the straining was done by applying linear tensile 

displacement (U1) to the both sides of the substrate, (see Fig. 5.13a, Fig. 5.14a and            
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Fig. 5.15a) so that the coating is loaded by the substrate deformation. Furthermore, a y–

symmetric boundary condition was applied at the bottom of the models so that a double 

sided coated substrate is simulated i.e., a mirror image of the models is reproduced across 

the symmetry boundary (as can be seen in Fig. 5.13a, Fig. 5.14a and Fig. 5.15a). This 

boundary condition also fixed the movement of the nodes in vertical direction. The 50 µm 

thick substrate in the models corresponds to 100 µm thickness due to symmetric boundary 

conditions. The thicknesses of the coating and the substrate also resemble the diamond/Ti-

foil system used in the tensile experiments. The interlayer between the coating and the 

substrate was not modelled here to reduce the complexity of stress transition and also to 

make the models simple.  

A fine structured mesh in the film region and a coarse biased mesh in the substrate region 

(see Fig. 5.13b, Fig. 5.14b and Fig. 5.15b) were applied using quadratic plane strain elements 

(CPE4R). The models were optimized for the mesh size to finalize the meshing scheme.  

 Mod-1: The length of this model is 50 µm without any edges on the sides of the film (see Fig. 

5.13a & b for the model and the mesh). This model was especially used to study the effects of  

 

 

 

 

Fig. 5.13. (a) Schematic illustration of Mod-1. The red region is the coating (2 µm thick and 50 µm 
wide) and the blue region is the substrate (50 µm thick corresponding to 100 µm). The system is 
strained by applying linear displacement (U1) on both sides. Symmetric boundary condition is 
applied at the bottom of the model to reproduce the mirror image of the model across the boundary. 
(b) The mesh in the region marked with a dotted box.  

(a) 

(b) 
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Table 5.2. The material input parameters used for different case studies conducted with Mod-1. 
Different variations in material and geometric parameters have been used to study the effects on the 
stress transfer from the substrate to the film.   

Case 
studies 𝝈𝒓𝒆𝒔 𝑬𝒇 𝑬𝒔 𝝈𝒇𝒍𝒐𝒘 

Work hardening 
range                  

(upto 𝜺𝒎 = 1.1%) 

Coating 
thickness 

Substrate 
thickness 

Ref. case 
(D/Ti-foil) 

−5.5 GPa  1200 GPa 104 GPa 400 MPa Ideal plastic 2 µm 100 µm 

𝝈𝒓𝒆𝒔 effect 
0/−5/−5.5
/−6 GPa 

1200 GPa 104 GPa 400 MPa Ideal plastic 2 µm 100 µm 

𝑬𝒇 effect −5.5 GPa 800/1000/
1200 GPa 104 GPa 400 MPa Ideal plastic 2 µm 100 µm 

𝑬𝒔 effect −5.5  GPa 1200 GPa 104/220/
300 GPa 400 MPa Ideal plastic 2 µm 100 µm 

𝝈𝒇𝒍𝒐𝒘 effect −5.5  GPa 1200 GPa 104 GPa 400/600/
850 MPa Ideal plastic 2 µm 100 µm 

Work 
hardening 

effect 
−5.5  GPa 1200 GPa 104 GPa 400 MPa Ideal plastic/400-

450/400-550 MPa 2 µm 100 µm 

Coating 
thickness 

effect 
−5.5  GPa 1200 GPa 104 GPa 400 MPa Ideal plastic 2/3/       

4 µm 100 µm 

Substrate 
thickness 

effect 
−5.5  GPa 1200 GPa 104 GPa 400 MPa Ideal plastic 2 µm 25/50/  

100 µm 

different geometric and material parameters on the stress transfer from the substrate to the 

film. The geometric parameters which were changed involve the thickness of the coating and 

the substrate. The varied materials parameters incorporate Young’s moduli of the film and 

the substrate, yield strength of the substrate, work hardenability of the substrate, residual 

stress level in the film, elastic and elastic-plastic behaviour of the substrate. The material 

properties used for the reference case and for different case studies are shown in Table 5.2. 

The residual stress values were entered for the film by changing the command lines in the 

input file of the FE-model and only one step was used for the strain propagation. In this 
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model, a situation similar to the start of tensile test was assumed by considering a constant 

and uniform residual stress in the film. To study the parametric effects the stress evolution at 

the centre of the coating surface was measured for 𝜎11. 

Mod-2: In this model, a single coating segment of 42 µm was modelled on a 50 µm thick 

substrate (see Fig. 5.14a & b for the model and the mesh). In order to make the situation 

similar to the actual cracked coating segments bonded to the substrate, small edges (see Fig. 

5.14a) were introduced on the two sides of the segments to act as crack openings (as found in 

Fig. 4.31a). 

This model was used to study the development of stress distribution in a cracked coating 

segment under the tensile substrate-deformation (both elastic and elastic-plastic). Three paths 

were defined in the coating segment: path#1: along the complete surface of the coating 

segment; path#2: along the midline of the coating segment (1 µm deep from the coating 

surface); path#3: near the interface of the film and the substrate (these paths are labelled as     

 

 

 

Fig. 5.14. (a) Schematic illustration of Mod-2. The red region is the coating (2 µm thick and 42 µm 
wide) and the blue region is the substrate (50 µm thick corresponding to 100 µm). The system is 
strained by applying linear displacement (U1) on both sides. Symmetric boundary condition is 
applied at the bottom of the model to reproduce the mirror image of the model across the boundary. 
The edges on the both sides of the segment can be seen. Three paths (1, 2 and 3) in the coating 
denote the regions for stress distribution measurements. (b) The mesh in the region marked with a 
dotted box.  

(a) 

(b) 
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1, 2 and 3 in Fig. 5.14a). The evolution of stress (𝜎11) at the surface of the coating segment 

(i.e., along path#1) under the applied tensile strain was analysed for different strain 

increments for elastic-plastic substrates. The stress distribution along Path#1 was also 

compared for elastic and elastic-plastic substrate under the same applied strain. The stress 

distributions (𝜎11) along path#1, 2 & 3 were measured at 𝜀𝑎 = 0.6% for elastic-plastic 

substrate and at 𝜀𝑎 = 0.4% for purely elastic substrate to compare the maximum stress level 

at the surface, mid and near the interface of the coating so that the location for normal crack 

initiation can be suggested. Furthermore, the shear stress (𝜎12) was measured and compared 

for elastic-plastic substrate (at 𝜀𝑎 = 0.6%) and for purely elastic substrate (at 𝜀𝑎 = 0.4%) to 

identify the locations for delamination crack initiation. All of these measured stress 

distributions were plotted against normalized distance (x/L), where ‘L’ is the length of the 

coating segment and ‘x’ is the distance along the segment. The material properties for the 

reference case (diamond/Ti-foil system) given in Table 5.2 were used for this model. In 

order to distribute the residual stress in the coating segment in the fully unloaded state, an 

extra step was introduced in the simulation before the straining step. In this step no strain 

was applied on the sides of the model, only compressive residual stress was given as input to 

the coating which was redistributed in this step of simulation in totally unstrained condition.  

Mod-3: In order to study the effect of crack segment sizes on the stress transfer and evolution, 

another model Mod-3 was designed. The schematic of this model is shown in Fig. 5.15a and 

the mesh in Fig. 5.15b. In this model, three different coating segments of 42 µm, 21 µm and 

10 µm were modelled on the substrate. In order to make the model look like Fig. 4.31a, the 

cracks with an opening of 1 µm were placed in between the coating segments and 0.5 µm 

wide edges were employed at the ends (Fig. 5.15a).  

This model was used to study the development of stress distribution in different sized 

cracked coating segment under the substrate deformation. Three paths (see path#1, 2 and 3 

in Fig. 5.15a) similar to Mod-2 were defined for three coating segments. The evolution of 

stress (𝜎11) at the surfaces of the coating segments (i.e., along path#1) under the applied 

tensile strain of 0.6% was analysed. The stress distributions (𝜎11) along path#2 & 3 were 

also measured to compare the maximum stress level at the surface, mid and near the 

interface of the coating so that the situation for normal crack initiation in different sized 
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coating segments could be visualized. All of these measured stress distributions were plotted 

against the true distance. The material properties for the reference case (diamond/Ti-foil 

system) given in Table 5.2 were used for this model. In order to redistribute the residual 

stress in the coating segments in fully unloaded state, the method used for Mod-2 was 

employed.   

 

 

 

Fig. 5.15. (a) Schematic illustration of Mod-3, showing multiple segments. The red region is the 
coating (2 µm thick) and the blue region is the substrate (50 µm thick corresponding to 100 µm). The 
system is strained by applying linear displacement (U1) on both sides. Symmetric boundary condition 
is applied at the bottom of the model to reproduce the mirror image of the model across the 
boundary. The edges on the both sides and the crack openings in between the segments can be seen. 
(b) The mesh scheme used in Mod-3.  

Three dimensional (3D) FE models of the coating/substrate system  

Two different 3D finite element (FE) models (3DMod-1 and 3DMod-2) were simulated 

using Simulia Abaqus ® commercial software. 3DMod-1 (see Fig. 5.16) was designed to 

study the effect of the Poisson’s contraction of the (ν = 0.07) and the Ti-substrate (ν = 0.34) 

on the stress development at the centre of the surface of diamond film, under tensile load. 

3DMod-2 (see Fig. 5.17) was simulated to validate the strain relief results obtained by the 

digital image correlation (DIC) and to compare the stress relaxation measured by micro-

Raman spectroscopy on FIB milled rectangular bars. The material properties for the 

reference case (diamond/Ti-foil) given in Table 5.2 were used for these models. An equi-

biaxial residual stress of −5.5 GPa was entered in the coating by changing the command 

lines in the input file of the FE-model. For discretization, 3D stress elements (C3D8R) were 

utilized and the models were optimized for the mesh size to finalize the meshing scheme. 

3DMod-1: In this model, a 2 µm thick half coating segment was modelled on a substrate with 

length = 40 µm, width = 25 µm and thickness = 50 µm. A total of ~1.0% strain was applied and 

(a) (b) 
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the straining was done by applying linear tensile displacement (U1) to the right side of the 

substrate (see Fig. 5.16) so that the coating is loaded by the substrate deformation. In this 

simulation, only one step was used for the strain propagation. Furthermore, an x–symmetric 

boundary condition was applied to the left side of the model so that a full coating segment 

(50 µm wide) is simulated on the substrate i.e., a mirror image of the whole model is 

reproduced across the symmetry boundary (Fig. 5.16). At the bottom of the model, a fixed 

boundary condition ‘Encastre’ was applied, in which linear movement in all the three 

principle directions is seized. A situation similar to the start of tensile test was assumed by 

considering a constant residual stress in the film. A fine structured mesh was used in the film 

region and a coarse biased mesh was employed in the substrate region (see Fig. 5.16) of the 

model. 

 

Fig. 5.16. A 3D finite element modelling of diamond/titanium coating system, used to evaluate the 
development of stress components 𝜎11 and 𝜎33 in the coating under the tensile deformation of the 
substrate. The boundary conditions are symmetric with respect to middle of the segment (see dotted 
line). 

In this simulation, the two stress components 𝜎11 and 𝜎33 (in x and z-directions, respectively 

as shown in Fig. 5.16 and the y-direction is normal to the film) were measured at the centre 

of the film segment (see the location of stress measurement in Fig. 5.16) under the 

application of 1.0% strain applied to the substrate. So that the average stress state in the 

coating could be estimated under tensile load. 

εa 

𝜎22 

𝜎11 𝜎33 
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3DMod-2: In the model 3DMod-2. a coating of 2 µm thickness was modelled on the substrate 

with length = 100 µm, width = 100 µm and thickness = 50 µm. A 6 µm deep and 5 µm wide 

tapered trench was modelled in the coating deep into the substrate along a rectangular bar of 

5 µm width and 20 µm length (see Fig. 5.17). In this model only one fourth of the actual bar 

was simulated. In order to assume the simulation of full rectangular bar (10 µm × 40 µm), 

the x- and z-symmetric boundary conditions were applied on the two sides of the model 

(containing the bar) as shown in Fig. 5.17. On the remaining two sides fixed boundary 

condition ‘Encastre’ was applied, in which linear movement in all the three principle 

directions is seized. After the application of symmetric boundaries the substrate is measured 

as 200 µm × 200 µm × 50 µm. The interlayer between coating and the substrate was not 

modelled here to reduce the complexity of stress transition and also to make the model 

simple. As the purpose of this simulation is to study the stress relaxation produced in the 

coating by tapered trench, therefore, an equi-biaxial compressive residual stress of −5.5 GPa 

was given to the film and only one step was used in the simulation in which the residual 

stress was allowed to relax perpendicular to the longer side of the bar. 

In this model refined structured mesh was used in the bar and the tapered trench, and in the 

remaining body of the model coarse biased mesh was used. To study the stress relaxation/

 

Fig. 5.17. A 3D FE-model designed to simulate the FIB-milled bar like geometry to validate the DIC 
and µ-Raman results. The paths for stress and displacement measurements can be seen. 
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strain relief, three different paths were made on the simulated bar as shown in Fig. 5.17 with 

red lines. The paths P-1 and P-2 were used to measure the stress (𝜎11) at the edge and at the 

centre of the bar, respectively in the direction of the length, whereas the path P-3 was used to 

measure the displacement (U11) across the width of the bar. All the measured data was 

plotted against the true distances along the paths. These paths are similar as were used in 

DIC and µ-Raman analyses. 

5.4. Results of Finite Element Modelling (FEM) 

5.4.1. Effects of Elastic and Plastic Material Properties on the Stress-Strain 
Behavior of the Film 

In these simulations, it has been assumed that the stress is transferred to the film from the 

substrate right from the beginning of the tensile test. The model Mod-1 (see Fig. 5.13) was 

used to study the effects of different mechanical parameters of the coating and the substrate 

on the stress transfer from the substrate to the coating. For this model the stress generation 

𝜎11 was recorded at the centre of surface of the coating after changing different material 

properties (Table 5.2). Fig. 5.18 shows the contour plot of brittle film/ductile substrate 

system for the stress component 𝜎11 after the application of 1.1% strain on the substrate. The 

magnified region (in Fig. 5.18) is showing the edge of the coating, also the bending of the 

coating under the substrate deformation can be seen.  

 

Fig. 5.18. The contour plot of a film substrate system showing the stress component (𝜎11) after the 
application of total 1.1% strain on the both sides of the substrate. The magnified region is showing 
the edge of the coating. The bending of the film under substrate deformation can be clearly seen in 
this figure.  
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Stress evolution affected by elastic and plastic substrate, and Residual Stress in the film 

Fig. 5.19a shows the influence of the elasticity and the plasticity of the substrate on the stress 

transfer and residual stress evolution in the film after the application of total tensile strain of 

~1.1% to the substrate. The comparison of the stress evolution plots (Fig. 5.19a) shows that 

the purely elastic substrate transfers high amount of the stress to the film per unit substrate 

strain compared to an elastic-plastic substrate. If the coating is CVD diamond with a fracture 

strength of ~1.5 GPa and 𝜎𝑟𝑒𝑠 ≈ −5.5 GPa then the high stress transfer in case of a purely 

elastic substrate will lead to an early residual stress evolution and the cracking of the film 

compared to an elastic-plastic substrate. As the cracking of the film has not been simulated in 

this model, therefore, the stress in the film is continuously raised under the strain applied to 

the substrate otherwise the stress level would have been saturated at the fracture strength of 

the coating (see Fig. 4.22 and Fig. 4.23). For an elastic-plastic substrate (Fig. 5.19-blue line 

the stress transfer to the film in the elastic regime is the same as in purely elastic substrate. 

When yielding starts the slope of the curve is decreased and the stress transfer to the film is 

reduced due to the plastic flow of the substrate.  

           

Fig. 5.19. (a) The stress evolution (𝜎11), measured at the centre of the surface of the coating, as a 
function of tensile strain applied to the substrate for purely elastic and purely plastic substrates. The 
comparison is showing that the purely elastic substrate transfers high amount of stress to the coating 
per unit applied strain compared to an elastic-plastic substrate. (b) The effect of different initial 
residual stress levels (0, −5, −5.5 and −6 GPa) on the stress evolution in film is shown. It is clear from 
the figure that a decrease in the initial residual stress in the film decreases the applied strain to 
fracture the coating (e.g., for diamond film with 𝜎𝑓 ≈ 1.5 GPa).   

(a) (b) 
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Fig. 5.19b shows the effects of initial residual stress level in the film on the stress transfer 

from the substrate and the stress-evolution in the film for an elastic-plastic substrate. It can be 

seen that a decrease in initial residual stress level from −6 to –5 GPa lowers the applied 

substrate-strain to fracture the coating (e.g., diamond thin film with 𝜎𝑓 ≈ 1.5 GPa), and also 

the strain required to evolve the compressive residual stress is reduced (Fig. 5.19b). This 

behavior is similar to those shown by µ-Raman spectroscopy (Fig. 4.24) and the analytical 

modelling (Fig. 5.8). For the plot with –5.5 GPa residual stress in the film (Fig. 5.19b-black 

line), the results are highly comparable to µ-Raman results for a diamond/Ti-foil system (see 

Fig. 4.22 and Fig. 4.23a). Furthermore, for a system with 𝜎𝑟𝑒𝑠 = 0 GPa very small strain is 

needed to fracture the diamond coating (Fig. 5.19b-red line), this shows that a high level of 

compressive residual stress present in the coating can delay the crack initiation. However, a 

large amount of residual compressive stress in the film can be detrimental for its adhesion to 

the substrate.   

Effect of film and substrate Young’s moduli on the stress transfer to the film 

The influences of film and substrate Young’s moduli on the stress transfer to the film and its 

subsequent effects on the stress evolution in the film are presented in Fig. 5.20. For the film, 

three different Young’s moduli: 800, 1000 and 1200 GPa (Fig. 5.20a) were used. The results  

    

Fig. 5.20. (a) The stress evolution (𝜎11), measured at the centre of the surface of the coating, as a 
function of the applied tensile strain affected by different Young’s moduli of the film. The coating 
with a higher Young’s moduli develops higher stress in the film per unit substrate straining. (b) The 
effect of the Young’s moduli of the substrates on the stress transfer to the film. The stress transfer to 
the film is slightly increased with an increase in the substrate-Young’s modulus. 

(a) (b) 
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show that the coatings with a higher Young’s modulus develop higher stress per unit 

substrate straining compared to the coating with a lower Young’s modulus (see Fig. 5.20a). 

If all these coatings have same fracture strengths then the system with a higher film–Young’s 

modulus will crack the film earlier than the other systems, moreover, the compressive 

residual stress in the film will evolve earlier due to high stress transfer from the substrate. 

These results can be compared with analytical modelling results shown in Fig. 5.9. Nekkanty 

et al. [6] found similar results for different Young’s moduli of the film (see section 2.4.4).  

The effects of different Young’s moduli of the substrate (104, 220 and 300 GPa) on the stress 

transfer and evolution in the film are presented in Fig. 5.20b. It is found from the results that 

in elastic regime the stress transfer to the film per unit substrate strain is slightly higher in the 

system with a higher substrate–Young’s modulus but the elastic regime �𝜎𝑦 𝐸𝑠⁄ � for the stress 

transfer is larger in the system with a lower substrate–Young’s modulus (see Fig. 5.20b). But 

in elastic-plastic regime, again the system with a higher substrate E-modulus slightly 

dominates over the system with a lower substrate E-modulus (Fig. 5.20b). This shows that 

the residual stress evolution and cracking will occur a bit earlier in a system with a higher 

substrate E-modulus. These results can be compared with the analytical modelling results 

shown in Fig. 5.10 – the detail of the comparison will be given in section 6.2).   

Effects of substrate’s yield strength and work hardening on the stress transfer to the film 

The effect of different yield strength levels (400, 600 and 850 MPa) of the substrate on the 

stress transfer to the film is given in Fig. 5.21a. It is found form the comparison of the plots 

that the substrate with a higher yield strength transfers more stress to the film per unit 

substrate straining compared to the substrate with a lower yield strength and, ultimately 

higher yield strength–substrate will crack the film earlier and also evolve the compressive 

residual stress faster. In this figure a plot for the elastic substrate is also shown for the 

comparison. It shows that the purely elastic substrate will transfer higher stress to the film. 

These results are comparable to µ-Raman spectroscopy results as shown in Fig. 4.23 (a & c).  

Fig. 5.21b shows the effects of different work-hardening capabilities of the substrate (ideal 

plastic, 400-450 MPa and 400-550 MPa) on the stress transfer to the film. The effect is 

similar as shown by the yield strength of the substrate. The slope of the curve and the stress 

transfer to the film is increased with an increase in the work hardening range (see Fig. 5.21b) 
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and this will ultimately cause an early cracking and residual stress evolution of the film. But 

the elastic substrate still dominates in stress transfer to the film. Nekkanty et al. [6] found 

similar results for different work hardening capabilities of the interlayer between the 

substrate and the coating (see section 2.4.4). 

  

Fig. 5.21. (a) The stress evolution (𝜎11), measured at the centre of the surface of the coating, as a 
function of the applied tensile strain affected by the yield strength of the substrate. The substrate with 
a higher yield strength transfers higher stress to the film per unit substrate straining. (b) The effect of 
the substrate work-hardening capability on the stress transfer to the film. The stress transfer is 
increased with an increase in the work hardening. But the elastic substrate still dominates in stress 
transfer to the film in both cases shown in Fig. a and b. 

5.4.2. Effects of Geometric Parameters on the Film 

Effects of coating and substrate thicknesses 

The geometric parameters like thickness of the coating and of the substrate also affect the 

stress transfer to the film and the residual stress evolution in the film. Fig. 5.22a shows the 

effect of the coating thickness on the stress transfer to the film from the substrate. For these 

simulations, the substrates are eactly the same with different film thicknesses. It is found 

from the results that the thicker coatings need a higher amount of the stress transferred from 

the substrate (per unit substrate straining) compared to the thinner coatings to acquire the 

same stress level. Eventually, thicker coatings will need a much higher substrate straining for 

cracking. The influences of the substrate thickness are given in Fig. 5.22b. This comparison 

shows that for thicker substrates, there is almost no change in the stress transfer to the film 

but for a very thin substrate like 25 µm, the stress development in the film is increased per 

(a) (b) 



ANALYTICAL AND FINITE ELEMENT MODELLING  144 
 

unit substrate strain. The reason of this behaviour (higher stress transfer) is probably the 

overlapping of the plastic strain zones in the substrate region for the coatings on the both 

sides, under tensile load. The details are given in the discussion (see section 6.3 and Fig. 6.7). 

     

Fig. 5.22. (a) The stress evolution (𝜎11), measured at the centre of the surface of the coating, as a 
function of the applied tensile strain affected by the coating thickness. The thicker coatings need 
higher strain from the substrate, per unit substrate straining, compared to thinner coatings to acquire 
the same stress level. (b) The influence of the substrate thickness on the stress transfer to the film. 
There is almost no change in stress transfer in case of thicker substrates but for very thin substrate like 
25 µm, the stress transfer to the film is increased.   

5.4.3. The Stress Evolution in Small Coating Segments 

In order to show the stress transfer and stress evolution in small coating segments, the model 

Mod-2 (Fig. 5.14) was used in which a small coating segment of 42 µm size was simulated

 

Fig. 5.23. The contour plot of a film-segment bonded to the substrate, showing the stress 
component (𝜎11) after the application of total 1.0% applied strain on the both sides of the substrate. 
The magnified region is showing the edge of the coating. Two edges on the both sides of the segment 
and localized plastic deformation in the substrate region at the edge can be seen in the figure. 

(a) (b) 
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on a 100 µm thick substrate (see Fig. 5.14). These simulations were performed for both 

elastic and elastic-plastic substrates. A contour plot of this model for the stress component 

𝜎11 after the application of 1.0% strain on the substrate is shown in Fig. 5.23. The magnified 

region is showing the edge of the coating. The edges on the both sides of the coating segment 

and the bending of the coating under the substrate deformation can be seen in the Fig. 5.23. 

Normal stress distribution 

Fig. 5.24a shows the stress (𝜎11) distribution at the surface of the coating segment (along 

path#1 in Fig. 5.14a), under tensile strain applied to the substrate, for different strain 

increments for elastic-plastic substrate. In unloaded state i.e., at 𝜀𝑎 = 0%, the stress in the 

middle of the segment surface is compressive while the areas near the edges are under 

tension and at the edges/crack surfaces the stress goes to zero (Fig. 5.24a-brown profile). 

This distribution of stress in an unloaded coating segment corresponds to the state when a 

film/substrate system is already segmented. This unloaded stress distribution in the coating 

was produced by using a compressive residual stress of ~−3.0 GPa as an input to the coating 

in the simulation (as described in the section 5.3.1 for Mod-2). With tensile straining up to 

𝜀𝑎 = 0.29%, the coating segment moves to tensile regime with compressive stresses near the 

edges (Fig. 5.24a-green profile). Then at 𝜀𝑎 = 0.5%, the segment is further loaded by the 

substrate deformation and it shows high tensile stress in the middle of the surface and 

compression near the edges (Fig. 5.24a-blue and red profile). This stress distribution under 

load is totally opposite to the one in an unloaded state. The rise of the stress in the coating 

segment under applied tensile strain is shown with arrows in Fig. 5.24a. With further 

successive strain increments, the middle of the coating segment will be further loaded in 

tension until cracking of the film occurs while the areas near edges will be further 

compressed (see Fig. 5.14a for the increase in compression under tensile strain). This 

compression near the edges is due to the bending of the coating segment under substrate 

deformation as explained by Krishnamurthy and Reimanis [16] and Nekkanty et al. [6] (see 

Fig. 2.19a and the description can be found in the section 2.4.4). These results will be 

compared to the µ-Raman (section 4.3.3) and the analytical modelling (section 5.2.1) results 

in section 6.4.  

Fig. 5.24b shows the comparison of stress (𝜎11) distribution profiles at the surface of the 
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coating segment for an elastic and elastic-plastic substrate. The tensile stress development at 

the mid and the compression near the edges are higher for the elastic substrate compared to 

the elastic-plastic substrate under the same applied tensile strain (Fig. 5.24b). In the elastic 

plastic substrate the stress transfer is lowered because upon the onset of yielding, the strain 

energy is utilized in localized plastic deformation in the substrate regions at the crack 

segment edges. 

    

Fig. 5.24. (a) The stress (𝜎11) distribution at the surface of the coating segment (i.e., along path#1 
shown in Fig. 5.14a) under applied tensile strain for different strain increments for elastic-plastic 
substrate. The rise in tensile stress under applied tensile strain is shown with red arrows. (b) The 
stress (𝜎11) distribution profiles at the surface of the coating segment for an elastic and an elastic-
plastic substrate under same applied tensile strain. The stress development in elastic substrate is 
higher than the elastic-plastic substrate. 

 The stress distributions (𝜎11) measured along the surface, midline and near the interface 

(Path#1, 2 & 3 in Fig. 5.14a) of the coating segment at 𝜀𝑎 = 1.0% for elastic-plastic substrate 

and at 𝜀𝑎 = 0.4% for purely elastic substrate are shown in Fig. 5.25. The purpose was to 

compare the maximum stress level at the surface, mid and near the interface of the coating 

so that the location for normal crack initiation can be suggested. Similar work has been 

conducted by Krishnamurthy and Reimanis [16] and Nekkanty et al. [6] for elastic-plastic 

substrate only and without any initial residual stress. For the elastic-plastic substrate (Fig. 

5.25a), it is clear that the tensile stress near the interface is the highest, which will promote 

the cracking from the interface (see Fig. 4.31b for the cracking from the interface). It can be 

seen in the profile near the interface that the areas near the edges have higher 

(a) (b) 
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Fig. 5.25. The stress distributions (𝜎11) measured at the surface, midline and near the interface (along 
Path#1, 2 & 3 in Fig. 5.14a) of the coating segment at 𝜀𝑎 = 1.0% for an elastic-plastic substrate (a) 
and at 𝜀𝑎 = 0.4% for an elastic substrate (b). For plastic-substrate, the crack initiation is expected 
from the interface due to higher stresses. In case of the elastic substrate, the stress at all points 
(surface, midline and interface) at the centre of the coating is almost equal, so crack can start from 
anywhere, probably at any stress raiser. 

tensile stresses than the middle (see green arrows in Fig. 5.25a), therefore, the crack will 

essentially initiate from these areas but the high compressive stress at the surface (see blue 

arrows in Fig. 5.25a) will supress the propagation of these cracks and only central cracks will 

be able to reach the surface. But in a film/substrate system the crack can also initiate from 

any inhomogeneity present at the surface or subsurface. Fig. 5.25b shows the results for the 

elastic substrate. The maximum tensile stress level at the surface, mid and interface of the 

coating segment is almost same; therefore, the crack can initiate from anywhere either from 

the surface or the interface, probably at any stress raiser.   

Shear stress distribution  

The shear stress distributions (𝜎12) measured near the interface (along Path#3 in Fig. 5.14a) 

of the coating segment, at 𝜀𝑎 = 1.0% for elastic-plastic substrate and at at 𝜀𝑎 = 0.4% for 

elastic substrate, is presented in Fig. 5.26. The purpose of this measurement was to identify 

the location of delamination crack initiation. These stress profiles are similar to those found 

in the literature [5,6,16,28,105]. This result shows that for both kind of substrates, the shear 

stress at the interface is maximum close to the edges and zero at the centre. It indicates that 

the delamination cracking will essentially start from the interfacial edges. Furthermore, the

(a) (b) 
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Fig. 5.26. The shear stress distributions (𝜎12) measured near the interface of the film (along Path#3 
in Fig. 5.14a) at 𝜀𝑎= 1.0% for elastic-plastic substrate (a) and at 𝜀𝑎= 0.4% for elastic substrate (b). The 
shear stress is maximum close to the segment edges and zero at the centre under the tensile 
deformation of the substrate. 

shear stress level goes to zero at the segment edges/crack surfaces after reaching the 

maximum level (Fig. 5.26a and b). For the elastic substrate (Fig. 5.26b), even at lower 

applied strain of 0.4%, the shear stress near the edges at the interface is higher compared to 

the elastic plastic substrate (Fig. 5.26a) which is at a higher tensile strain of 1.0%, 

Furthermore, the shear stress profile for an elastic substrate is almost constant throughout 

the segment length and then increases sharply in the regions near the edges (Fig. 5.26b), 

whereas in case of elastic-plastic substrate the shear stress profile is zero at the centre and 

then increases gradually towards the edges (Fig. 5.26a). This behaviour is probably due to 

the different bending of the coating segment on elastic and elastic-plastic substrates. Further 

discussion is given in section 6.1.1.  

5.4.4. The Effect of Coating Segment Size 

The model Mod-3 (see Fig. 5.15) was used to study the effect of crack segment sizes on the 

stress transfer to the film from the substrate and stress evolution. In this model three different 

coating segments of 42 µm, 21 µm and 10 µm with a coating thickness of 2 µm were 

modelled on the substrate. In between the segments, the cracks with 1 µm openings were 

placed and at the ends 0.5 µm wide edges were employed. The contour plot of this model for 

the stress component 𝜎11 after the application of 1.0% strain is shown in Fig. 5.27. The 

(a) (b) 
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magnified region is showing the crack with localized plastic deformation in the substrate 

region. 

 

Fig. 5.27. The contour plot of Mod-3 showing the stress component (𝜎11) after the application of 
total 1.0% strain on the both sides of the substrate. The magnified region is showing the crack with 
localized plastic deformation in the substrate region.  

First of all the evolution of stress (𝜎11) at the surfaces of different coating segments along 

path#1 (shown in Fig. 5.15a) under applied tensile strain of 1.0% was analysed and the 

results are shown in Fig. 5.28. The green profile (for Path#1) in Fig. 5.28 shows that under 

the same applied strain of 1.0%, the biggest coating segment (42 µm long) shows higher 

tensile stress in the middle of the surface compared to a 21 µm segment and this smaller 

segment needs more stress transferred from the substrate to acquire the same tensile stress 

level as in a 42 µm segment. This segment size effect is shown by many researchers 

[5,7,16,21,28,35,37,38,105]. The smallest segment (10 µm) is totally under compression at 

the surface due to higher bending of the coating segment because the segment bending is 

increased (under substrate’s tensile deformation) with the decrease in segment size. This 

leads to higher compressive zone at the edges of the smallest coating segment which keeps it 

totally under compression at the surface. This effect is apparent in Fig. 5.28 for the smallest 

segment (green profile). After this analysis, the stress distributions along the midline and 

near the film interface (along Path#2 & 3 in Fig. 5.15a) were also measured and compared 

with the surface stress distribution (Path#1). The comparison (see Fig. 5.28) shows that in all 

the coating segments, the tensile stress level near the interface is higher than the midline and 

the surface. As a results, all the cracks shall initiate from the interface but only the cracks for 

the 42 µm and 21 µm segment shall reach the film surface because of the presence of tensile
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y 
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Fig. 5.28. The stress distributions (𝜎11) measured along the film surface, midline and near the film 
interface (along Path#1, 2 & 3 in Fig. 5.15a) at 𝜀𝑎 = 1.0% in different sized segments for elastic-
plastic substrate. The 42 µm and 21 µm segments are under tension in the middle of the surface while 
the smallest segment is fully under compression on the loaded substrate. The stress near the interface 
is totally tensile and higher than the surface and midline for all the coating segments. For the bigger 
segments (42 µm and 21 µm) the cracks shall initiate from the interface and reach the surface but for 
the smallest segment the crack will be supressed by the surface compression.  

 

Fig. 5.29. The comparison of normal stress (𝜎11) distribution at the surface and the shear stress (𝜎12) 
distribution at the interface of different segments under tensile straining of the substrate. The 
comparison for the smallest segment may be observed. 
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stress at the surface. For the smallest segment, the crack will initiate from the interface but 

will be supressed by the compression at the surface. Hence, the chances of normal cracking 

are decreasing with the decrease in segment size.  

Fig. 5.29 shows a comparison of the normal stress distribution (𝜎11) at the surface and the 

shear stress distribution (𝜎12) near the interface of the film under same tensile strain of 1.0%. 

The comparison shows that for bigger segments (42 µm and 21 µm in size), both the normal 

and delamination cracking shall occur but for the smallest segment, the failure will 

essentially occur in delamination mode (see the stress profiles for the smallest segment in 

Fig. 5.29). 

5.4.5. Poisson’s Contraction and Stress Development at the Surface of the Film  

The model 3DMod-1 (Fig. 5.16) was used to study the effect of the Poisson’s contractions of 

the film (e.g., CVD diamond) and the substrate (e.g., Ti) on the stress development at the 

centre of the film under tensile load. The contour plot of this model is shown in Fig. 5.30 for 

the stress component 𝜎11after the application of 1.0% tensile strain in x-direction (11-

direction).  

In order to study the above described effect, two stress components 𝜎11 and 𝜎33 were 

measured at the centre of the simulated diamond film segment (see the location of stress 

measurement at the coating surface in Fig. 5.30) after the application of tensile strain to the 

substrate, and the results are presented in Fig. 5.31. It is found form the results that both 

stress components 𝜎11 and 𝜎33 are increasing in tensile mode under uniaxial tensile 

deformation of the substrate. Initially a compressive isotropic biaxial stress 𝜎𝑟𝑒𝑠 = −5.5 GPa 

is present in the film and the applied tensile strain first relieves this residual stress and then 

develops tensile stress in the film in both 11 and 33 directions (see Fig. 5.30). The 

development of tensile stress in the film in both directions (11 and 33) is associated with a 

large difference in the Poisson’s ratios of the film (ν = 0.07 for CVD diamond) and of the 

substrate (ν = 0.34 for pure-Ti). The FE-simulation revealed that the larger Poisson’s 

contraction of the substrate (pure-Ti) during tensile testing leads to a bending/buckling of the 

film under substrate deformation, causing a development of the tensile stress (see 𝜎33 in   

Fig. 5.30 and Fig. 5.31) at the centre of the surface of the coating in the direction  

perpendicular to the loading axis. 
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Fig. 5.30. The contour plot of 3DMod-1 showing the stress component (𝜎11) after the application of 
total 1.0% strain to the substrate. The location of the stress measurement is shown. 

 

Fig. 5.31. The stress components 𝜎11 and 𝜎33 as a function of the applied tensile strain measured at 
the centre of the coating (see Fig. 5.30 for the location of stress measurement). 

The above given results of FE-simulation demonstrate the reason for the absence of peak 

splitting during in-situ tensile testing in µ-Raman spectroscopy (see section 4.3.3). The 

bending of the diamond coating followed by the evolvement of a tensile average stress in the 

coating can be the reason for the absence of additional peaks in the Raman spectra             
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(see Fig. 4.21). Since peak splitting is not observed in Raman spectra, the stress state remains 

approximately biaxial even during tensile testing. Therefore, the single characteristic 

diamond peak obtained during the tensile test was evaluated using the weighted average 

gage value of −0.49 GPa/cm−1. 

5.4.6. Stress Relaxation in Simulated FIB Milled Rectangular Bar 

In order to validate the strain relief results obtained by digital image correlation (DIC) and 

micro-Raman spectroscopy on FIB milled rectangular bars, another 3D finite element model 

(3DMod-2) of the similar geometry, as made by FIB, was simulated using −5.5 GPa of 

compressive residual stress in the film. Fig. 5.32 shows the contour plots of stress component 

(𝜎11) and the displacement component U11 after the stress relaxation. The maximum 

displacement and the stress relaxation occurred along the edge of the rectangular bar. The 

displacement (U11) profile measured along path P-3 (shown in Fig. 5.17) is presented in    

Fig. 5.33a. The path P-3 goes from the mid towards the longer edge of the bar and the slope 

of displacement profile gives the value of average strain relief over the simulated bar. The 

average strain relief value is 0.0046 that is comparable to DIC results (see Fig. 4.10 for DIC 

results) and µ-Raman calculated strain relief value (see section 4.2.2). For the Paths P-1 and 

P-2 (shown in Fig. 5.17), the stresses (𝜎11) were measured for the half length of the bar. As 

  

Fig. 5.32. (a) The contour plot showing the stress component (𝜎11) after stress relaxation. (b) The 
contour plots showing the displacement U11 after strain relief. The maximum displacement is at the 
edge.  
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Fig. 5.33. (a) The displacement (U11) measured along path P-3 in Fig. 5.17. The slope of the line 
shows 0.0046 strain relief (comparable to DIC and µ-Raman results). (b) The stress (𝜎11) profiles 
measured along paths P-1 and P-2 in Fig. 5.17. The long edge of the bar shows full stress relaxation 
from −5.4 GPa to 0 GPa.  

the other half is the mirror image of the actual model, therefore, the same stress results were 

mirrored for the other half and, the stress profiles were produced for the full length of the bar 

(see Fig. 5.33b) for a better comparison with µ-Raman profiles. The stress profile, measured 

along the edge of the bar (path P-1 and green profile in Fig. 5.33b), gives full relaxation of 

compressive residual stress from −5.5 GPa to 0 GPa and, on moving outside the bar the 

stress again goes to −5.5 GPa. The stress profile, taken along the path P-2 (at the center of 

the bar), shows some tensile stress compared to the edge. This tensile stress development at 

the center is due to the fact that the width of the bar is higher than the thickness of the film 

(10 µm compared to 2 µm film thickness). If the width of the bar is reduced and made equal 

to the film thickness, then the tensile stress development at the center is significantly 

reduced. In the present case, the length and width of the bar was matched to the actual FIB-

milled bar. The bar dimensions were kept larger because the Raman scanning of the smaller 

bar was not possible.  

The overall comparison of the results shows that the combination of FIB–DIC–µRaman–

FEM is a very useful method to estimate the residual stresses present in thin films.  
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6. DISCUSSION 

In-situ tensile testing in a µ-Raman spectroscope allowed studying the stress evolution in 

hard diamond thin films on different ductile substrates. Furthermore, the stress distribution 

and evolution in small cracked coating segments under substrate’s deformation was 

elucidated. A deep understanding of the cracking and delamination behavior of thin-brittle-

film/ductile-substrate systems was developed with the aid of in-situ tensile tests in SEM 

(scanning electron microscope). The use of a shear lag model based on Agrawal and Raj [36] 

allowed estimating the interfacial shear strengths of different diamond-film/metallic-

substrate systems. The standard adhesion testing methods like Rockwell C and scratch test 

qualitatively validated the adhesion measurements by the shear lag method. The influences 

of different geometric and mechanical parameters, of the film and the substrate, on the stress 

transfer to the film from the substrate and its subsequent effects on stress evolution and film 

cracking & delamination, were studied. The analytical and FE-modelling validated most of 

the experimental results produced by in-situ tensile testing in µ-Raman spectroscope and 

SEM. These modelling approaches also helped in developing deeper understanding of 

different phenomena like stress transfer and evolution in thin films and small cracked coating 

segments influenced by mechanical and geometrical parameters, behavior of the through 

thickness and delamination cracking. The use of FIB (focused ion beam) microscopy 

permitted to make an in-depth analysis of the film damage caused by the tensile testing of the 

coating/substrate systems. The combination of FIB (focused ion beam), DIC (digital image 

correlation), µRaman spectroscopy and FEM (finite element modelling) allowed estimating 

and validating the stress present in diamond thin film. 

6.1. Cracking Mechanism of Brittle Coating on Ductile Substrate 

The general mechanism of film cracking under the tensile deformation of the substrate 

involves the transfer of stress from the substrate to the film across the interlayer (e.g., TiC in 

diamond/Ti system) owing to the shear stresses acting at the interface. This interfacial shear 

stress develops tensile stress in the film, which first releases the compressive residual stress 

(see Fig. 6.1a) and then makes the film to enter into the tensile regime (Fig. 6.1b). When this 

tensile stress approaches the fracture strength of the coating, cracking perpendicular to the 

tensile axis occurs, which does not penetrate into the tougher substrate (see Fig. 6.1b). These 
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cracks lead to a relaxation of the tensile stresses developed in the film and with further 

straining, the spacing of the parallel cracks is reduced (Fig. 6.1d). The initial/larger crack 

spacing requires smaller strain increments for further cracking, compared to the smaller 

crack spacing (see Fig. 6.1d) found at larger strains. It is found that at the surface of the film, 

the tensile stress is maximum at the mid-point and minimum or changes to compressive near 

the edges of the coating segment, whereas the shear stress at the interface is maximum near 

the edges and minimum at the mid-point [5,6,16,27,105] (see Fig. 6.1c).   

 
 

 

Fig. 6.1. Schematic illustration of the cracking mechanism in a diamond coating under tensile 
loading: (a) transfer of shear stress from substrate–TiC interface then to TiC interlayer–diamond 
interface; (b) development of tensile stress in the coating due to interfacial shear stress and cracking in 
the coating; (c) distribution of tensile stress in the coating and shear stress at the interface, responsible 
for the cracking and delamination of the coating: (d) film crack spacing as a function of the strain 
applied to the substrate. 

(a) (b) 

(c) 

(d) 

(c) 
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As discussed above, the unidirectional loading causes the thin brittle film to produce parallel 

cracks (also see Fig. 6.2b) in transverse direction due to stress transfer from the substrate. 

The crack spacing is reduced as the applied strain to the system is increased until a saturation 

point is reached where no further cracking occurs (Fig. 6.1d). Rather delamination occurs 

(Fig. 6.2d) along the interface between the coating (e.g., CVD diamond) and the interlayer 

(e.g., TiC) when the critical interfacial shear strength [5,6,21,27,37,38] is approached. After 

parallel cracking occurs, the substrate-deformation becomes inhomogeneous; the substrate in 

the vicinity of crack openings deforms freely and causes localized plastic deformation       

(Fig. 6.2c) [6,16,27,37], whereas the substrate bonded to the coating undergoes constraint 

 
 

   
 

 

Fig. 6.2. Focused ion beam cross sections showing different cracking and deformation mechanisms 
observed during in-situ tensile testing of a diamond coating on a titanium substrate. (a) crack in the 
diamond coating, (b) parallel through thickness cracking, (c) localized plastic deformation in 
substrate between coating segments, (d) delamination of the diamond coating with cracks in the 
adhesion layer and (e) buckling, longitudnal cracking and the buckled delamination of a diamond 
coating segment. 
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deformation. The high Poisson’s contraction of the substrate (e.g., 0.34 for pure-Ti) 

compared to the film (e.g., 0.07 for diamond) and the inhomogeneous substrate deformation, 

after parallel cracking, causes the thin film to buckle [4,107,108] in the transverse direction 

(Fig. 6.2e). On further straining these buckles can produce delamination and longitudinal 

cracks (see Fig. 6.2e). In short, the general damage mechanism of a brittle-coating/ductile-

substrate system under tensile load can be divided into five stages: (a) film crack initiation, 

(b) parallel through thickness cracking in the film with a reduction in crack spacing with 

further straining, (c) localized plastic deformation in the substrate in the crack openings, (d) 

delamination and (e) buckling and cracking of the film (see Fig. 6.2a–e). 

6.1.1. Bending Effect in Coating Segment under Constraint Substrate-Deformation 

If a ductile substrate, coated with a hard brittle coating, is deformed then the deformation of 

the substrate is restricted by the bonded coating. This is called as constraint substrate 

deformation. The constraint tensile deformation of the substrate under the coating causes the 

coating segment to bend. This bending is developed in such a way that the middle portion of 

the segment’s surface is pulled to produce tensile stresses whereas the areas near the edges 

are bent to develop compression zone under the tensile deformation of the substrate as 

shown in Fig. 6.3a and b (also see Fig. 4.25b and Fig. 4.26a for µ-Raman stress

 

 

Fig. 6.3. (a) The bending effect produced in the cracked coating segment due to constraint 
deformation of the substrate underneath coating. The tension in the middle and compression 
near the edges of the segment-surface can be seen. (b) A schematic of the stress distribution 
developed at the surface of the film-segment under the tensile deformation of the substrate. 

(a) 

(b) 
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profiles, Fig. 5.4a for analytical stress profiles and Fig. 5.24 for FE-modelled stress 

distribution profiles). Krishnamurthy and Reimanis [16] and Nekkanty et al. [6] have also 

obtained similar stress distribution and bending effects in their work. This bending of the 

coating segment is influenced by the ductility of the substrate as a softer substrate produces 

more bending in the film segment due to the plastic deformation of the substrate underneath 

the coating compared to a more elastic substrate. This effect of the ductility of the substrate 

on the bending of the coating segment also explains the behavior of the interfacial shear 

stress, as described in the section 5.4.3 by FE-modelling. The smaller coating segments show 

more pronounced bending under the tensile deformation of the substrate which develops a 

larger compression zone at the surface of the coating segment starting from the edges and as 

a result the surface of the whole segment undergoes compression. This effect is shown by 

FE-simulation in this work (see Fig. 5.28-green profile for the smallest coating segment). 

6.1.2. Crack Initiation and Propagation 

It is found from literature [6,16] and finite element modelling results that the tensile stress 

developed at the interface of a coating segment is higher than the surface under tensile 

deformation of the substrate for an elastic-plastic substrate (see Fig. 5.25a). The reason for 

this higher tensile stress at the interface is the constraint bending produced in coating 

segment under substrate-deformation which leads to a higher tensile stress on the convex 

side of bend (see Fig. 6.3a). In this situation the crack in the coating segment should 

essentially initiate from the coating-substrate interface (when the fracture strength is reached) 

rather than at the surface. The crack initiation from the interface was also found during an 

FIB cross-sectioning as shown in Fig. 4.31b. Krishnamurthy and Reimanis [16] and 

Nekkanty et al. [6] have also shown crack initiation from the interface with experiments and 

FE-simulations. The FEM results have also shown that the coating-substrate interface has 

the highest tensile stress level near the edges of the segment (see Fig. 5.25 for the arrows), 

therefore, the cracks initiate from these points first compared to the mid-point at the interface 

but the high surface compression near the segment-edges suppresses these cracks (see the 

schematic diagram in Fig. 6.4). The cracks that initiate from the near-edge interfacial regions 

can also reach the surface if the compression developed at the surface (near segment edges) is 

less due to lesser bending of the cracked coating segment on a harder substrate. Fig. 6.5 

shows these both types of cracks: middle (Fig. 6.5a) and near the edge (Fig. 6.5b). For a very 
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small segment, the chances of normal cracking are minimized due to full compression at the 

surface; the crack would initiate from the interfacial midpoint but suppressed by the 

compression at the surface (see Fig. 5.28 – red and green profiles for a 10 µm segment). But it 

does not mean that the crack will always initiate from the interface, it can start from any 

inhomogeneity present at the coating surface or subsurface due to stress concentration at that 

point (see Fig. 4.2 and Fig. 4.4 for surface and subsurface defects in the coating).  

 

Fig. 6.4. Schematic illustration of the interfacial normal crack-initiation. The crack at the mid-point 
reaches the surface due to tensile stress present at the interface and the surface, whereas the cracks 
initiated near the edges are suppressed by the compression at the surface.   

 

Fig. 6.5. (a) Crack running in the middle of a cracked coating segment. (b) Crack running near 
the edge of a cracked coating segment. 

It was found in the in-situ tensile experiments in the SEM that the crack formation in the 

coating is also highly dependent upon the crack morphology in the interlayer as shown by 

the diamond/X46Cr13 steel system (see Fig. 4.32a–b). The intergranular type of cracks 

formation in the TiBN interlayer (Fig. 4.32b) led to a similar cracking pattern in the 

300 µm 

(a) (b) 

Middle crack 
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deposited CVD diamond film (Fig. 4.32a) before the formation of parallel through thickness 

cracks in the film, also the film failed very early due to these interfacial defects. The cracking 

in the TiBN interlayer can be associated with the annealing treatment that was carried out to 

soften the steel after diamond deposition so that the damage mechanism of the diamond film 

during tensile testing could be studied. The annealing, probably, coarsened the grain size of 

the steel that led to cracking in the interlayer. This cracking later on appeared in the 

diamond film during in-situ tensile testing.   

6.1.3. Delamination of the Coating 

When the spacing of the through thickness cracks is saturated, the coating undergoes 

delamination if the critical interfacial strength is reached, otherwise localized substrate-

plastic deformation proceeds in the crack openings. It is found form the literature [6,16] and 

finite element modelling (FEM) results that the shear stress distribution along the film-

substrate interface is higher near the edges and goes to zero at the middle of the segment 

under the tensile deformation of the substrate as shown in Fig. 5.26 (also see Fig. 6.1c and 

Fig. 2.19b). As the interfacial sliding effect between two surfaces (film and substrate) is 

maximum near the edges of the cracked coating segment, therefore, higher shear stresses are 

found there. This situation shows that the interfacial cracking or delamination would 

essentially initiate from the edges of coating segment. Delamination crack initiation from the 

edges was found during in-situ tensile experiments in SEM (see Fig. 4.33b). Another 

delamination mode that was observed during in-situ experiments was the delamination at 

the junction of two growing through thickness cracks (see Fig. 4.33a). This type of 

delamination can occur due to the interaction of the high shear stress areas of the coating 

segments, because the growing cracks have high associated interfacial shear stress on both 

sides (see Fig. 6.6 for more clarification). The comparison of the surface stress profiles of 

large and small coating segments by FE-modelling has shown that for a very small 

segment chances of normal cracking are minimized due to full compression at the surface 

produced by the higher bending of the coating segment, therefore, smaller segment would 

essentially fail in delamination mode (see Fig. 5.29).  

Besides high interfacial shear stress present near the edges of the cracked coating segments, 

the delamination also depends upon different deposition defects present along the film-
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Fig. 6.6. Delamination at the intersection of two growing through thickness cracks. This is due to the 
presence of high interfacial shear stress on the both sides of cracks. 

interlayer or substrate-interlayer interface. As can be seen in Fig. 4.4 (b and c) that interfacial 

defects are present, which can cause stress concentration (under tensile load) leading to an 

early delamination of the film.  

6.1.4. Fracture and Adhesion Strengths of the Film 

Fracture strength of the film 

It has already been discussed in detail in section 4.3.4 that the shear lag models based upon 

Agrawal and Raj [36] can be used to calculate the fracture strength of a film bonded to the 

substrate, only in the case when a perfect shear stress transfer from the substrate to the film is 

present (i.e., only for elastic substrate deformation). Because with the start of substrate yielding, 

the stress transfer to the coating is reduced and the fracture of the coating occurs at a higher 

applied strain. Using that higher strain eventually gives an overestimated value of the fracture 

strength of the film. Therefore, for this work the fracture strength of the CVD diamond film was 

estimated with in-situ tensile testing in a µ-Raman spectrometer (see section 4.3.3) and the value 

is ~1.5 GPa.    

Adhesion strength of the film 

In this work different diamond coated substrates were used to check the stress-strain 

response of the system and also to compare the adhesion strengths. In order to calculate the 

interfacial strengths the Chen et al. [105] shear lag model (Eq. 2.22) was modified (Eq. 4.2) to 

use the fracture strength evaluated with µ-Raman spectroscopy (see section 4.3.4 for 
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details). According to this model, the smaller the saturated crack spacing, the higher will be 

the adhesion strength of the film. But this method is only applicable to the systems in which 

film undergoes delamination; otherwise the adhesion strength is underestimated as shown by 

Xie and Tong [27].  

The modified shear lag model (Eq. 4.2) of Chen et al. [105] worked for the present coating 

systems allowing estimating the adhesion strengths since all the tested coatings showed 

delamination during tensile test. The calculated adhesion strengths (Table 4.4) were in 

accordance with the mean saturated crack spacing (Fig. 4.28). The diamond/steel system 

showed least adhesion strength because the final crack spacing was larger and the 

diamond/Ti-6Al-4V system showed highest adhesion with smallest final crack spacing. All 

the estimated adhesion strength values for diamond films were also less than the shear yield 

strengths of the respective substrates (see Table 4.4). The adhesions were also validated 

qualitatively with standard Rockwell C and scratch test, and the produced results were in 

agreement with the calculated adhesion strength by modified shear lag model (Eq. 4.2). The 

produced results and their validation show that the shear lag model can be successfully used 

to estimate the interfacial shear strength of a coating/substrate system provided that the 

delamination is occurring. 

6.2. Stress-Strain Behavior, Cracking and Residual Stress Evolvement 

In this section a comparison of the µ-Raman experiments, analytical modelling and FE-

modelling is made to discuss the stress-strain behavior and residual stress evolution in the 

diamond film under tensile deformation of the substrate. 

It is found from the comparison of the plots presented in Fig. 4.22, Fig. 4.23, Fig. 5.6 and 

Fig. 5.19 that the compressive residual stress can delay the crack initiation in the film under 

tensile conditions, and the first coating cracks appear when the stress is in the tensile regime 

and the substrate is in the elastic-plastic regime. Compressive residual stress can thus be 

considered as being positive for the failure of coating under tensile conditions but for very 

high level of compressive stress, the coating failure can occur eventually after the coating 

process. For larger applied strains, the deformation of the coating/substrate system becomes 

inhomogeneous, but the cracking of the coating continues at a constant tensile stress level. 

After the formation of first parallel cracks in the film, the localized elastic–plastic substrate 
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deformation [6,16,27,37] also starts in the crack openings in the substrate regions, which 

reduces the stress transfer to the coating segments and hence a higher strain is required for 

further cracking. Then after crack saturation, the critical interfacial shear stress approaches to 

delaminate the interface. 

The FE-modelled stress in the coating as a function of applied tensile strain (Fig. 5.19b – 

black line) compare quite nicely to the experimental profile made with µ-Raman 

spectroscope (Fig. 4.22and Fig. 4.23a) for the diamond/Ti-foil system. The cracking of the 

film was not modelled using FE-modelling, therefore, the saturation of fracture stress cannot 

be seen in FE-modelled plot; rather stress rises to a higher value with further straining.  

The analytical modelled stress-strain plot (Fig. 5.6) also compare nicely with both µ-Raman 

(Fig. 4.23a) and FE-modelled plots (Fig. 5.19b – black line) with somewhat smaller strains 

for residual stress evolvement and first cracking of the film (analytical 0.58%, experimental 

1.0% and FEM 0.96%). One reason for smaller strains in the analytical modelling can be 

found in the perfect shear stress transfer to the film from the substrate (see Fig. 5.6 for the 

coating-strains on the secondary y-axis vs. substrate-strains till the first cracking; both strains 

are almost equal which shows a perfect shear stress transfer to the film). The analytical 

model captures the evolution of the residual stress with strain, limited by the constant 

fracture stress of the coating and, furthermore, the drops in stress in the film after cracking 

can also be seen in Fig. 5.6. The slow stress transfer to the film in the elastic-plastic regime of 

the substrate and localized substrate-plastic deformation in the crack openings have not been 

incorporated in analytical model, therefore, a perfect shear stress transfer from the substrate 

to the film is assumed. The stress drops in in-situ µ-Raman experiments could not be 

measured owing to rapid cracking and delamination of the diamond film. The unloadings 

after different strain increments can be seen in the both stress-strain plots for analytical 

model (dotted lines in Fig. 5.6) and for µ-Raman experiment (dotted lines in Fig. 4.23). 

These unloadings show the residual stress evolution with the plastic straining of the 

substrate. The residual stress finally enters the tensile regime and then saturates at the 

fracture strength level of the film under plastic deformation of the substrate (also see 

schematic diagram in Fig. 5.3). 
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6.3. Stress Transfer Influenced by Material and Geometric Parameters  

The stress generated in the film is controlled by different material and geometric parameters. 

The material parameters involve the elastic and plastic properties of the substrate and the 

film. The residual stress is also an important parameter that affects the film-crack initiation. 

The geometric parameters involve the thicknesses of the film and the substrate.  

As discussed above in section 6.2 that the compressive residual stress has to be evolved in 

order to crack the coating and its presence can delay the cracking of the coating. The results 

from µ-Raman experiments (Fig. 4.24), analytical modelling (Fig. 5.8) and FE-modelling 

(Fig. 5.19b) are highly comparable and show a delay in crack initiation with an increase in 

initial residual stress level in the film.  

The films with a higher stiffness develop higher stress per unit substrate deformation (see 

Fig. 5.9 and Fig. 5.20a) compared to less stiff films and ultimately lead to an early cracking 

and crack saturation (Fig. 5.9b). The results for both FE-modelling and analytical modelling 

are comparable and nicely capture this effect. The stiffness of the substrate also influences 

the stress transfer to the film. The higher the substrate stiffness, the higher is the stress 

transfer to the film per unit substrate strain (see Fig. 5.10 for analytical and Fig. 5.20b for 

FE-modelling) and eventually earlier is the cracking of the film. 

The higher yield strength and work-hardening of the substrate can cause an early cracking, 

residual stress evolvement and crack saturation of the film owing to the higher stress transfer 

to the film from the substrate compared to a substrate with a lower yield strength and work-

hardenability (see Fig. 4.20 and Fig. 5.21 (a and b)). The higher stress transfer to the film due 

to the increase in substrate’s yield strength is associated with the increase in the elastic range 

of the substrate which delay plastic straining. In case of a substrate with lower yield strength, 

the stress transfer to the film is further lowered after the film is fragmented because of the 

confinement of substrate-plasticity in the crack openings (see Fig. 4.31a for localized 

substrate plastic deformation. The increase in the substrate’s work-hardening increases the 

slope of the elastic-plastic regime and thus hardens the substrate. This substrate hardening 

effect appears in the form of an increased stress transfer to the film.   

The stress transfer to the film is decreased with an increase in the thickness of the film per
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unit substrate straining because thicker films need more stress transferred (due of their large 

volume) from the substrate in order to relieve the internal stresses and to approach the 

fracture strength of the film compared to a thin coating (see Fig. 5.22a). The increase in the 

substrate thickness does not show any pronounced effect on the stress transfer to the film 

under tensile strain. Only very thin substrates (e.g., 25 µm in case of diamond/Ti system) 

show an increase in the stress tranfer to the film comapred to thicker substrates (see Fig. 

5.22b). The reason of this higher stress transfer to the films in very thin coated substrates is 

probably the overlapping of plastic strain zones in the substrate region for the coatings on the 

both sides, under tensile load (see Fig. 6.7). The overlapping of the plastic strain zones 

causes a high stress transfer to the film bonded to the both sides of the substrate leading to an 

early film-cracking. 

 

Fig. 6.7. The schematic illustration of the tensile deformation of a thin film on a thin ductile 
substrate. The overlapping of the plastic zones can be seen. 

Besides geometric and mechanical parametrs, the stress transfer to the film is also influenced 

by many other factors like thickness, hardness and morphology of the interlayer; deposition 

induced and crystallographic defects in the interlayer and diamond film which are not 

considered in the simple models developed here. 

6.4. Stress Distribution Profiles in Cracked Coating Segments 

The experimental stress distribution profiles of a single cracked coating segment are 

comparable for experiments, analytical and FE-modelling. It should be noted here that from 

edge boundary conditions zero stress is expected at the crack surface, which was not found 

in µ-Raman experiments. With the equipment used only a simple peak shift was observed up 
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to some distance from the crack-segment edge. The complex stress state transition from the 

constrained substrate is not detected here. The same applies to the analytical modelling 

approach, where the crack surface is constrained by the underlying stiff substrate, and the 

stress at the edge, in unloaded state, is equal to the residual stress in coating. The 

experimental findings as well as the analytical equations are valid up to some distance from 

the crack surface.  

The comparison among experimental, analytical and FE-modelled stress distributions on the 

surfaces of 42 µm and 21 µm cracked coating segments, under applied tensile strain, is given 

in Fig. 6.8. In Fig. 6.8a, a comparison of the experimental stress profiles with analytical 

stress profiles at the surface of the coating segment is presented. The analytical stress profiles 

quite nicely fit with the experimental profiles for both of the segments (see Fig. 6.8a). It can 

be seen that the area near edges for all the segments (experimental and analytical) is under 

compression at the surface, whereas the middle portion is under tension. After cracking, the 

stress is relaxed in the coating segment as can be seen by stress drop in Fig. 6.8a. The 

comparison between experimental and FE-modelled surface stress profiles is shown in     

Fig. 6.8b. The edges of FE-modelled segments are not shown to make a better comparison 

with the experimental and analytical profiles. It can be seen that without segment edges, the 

FE-modelled stress profiles quite nicely fit with the experimental profiles (see Fig. 6.8b) and   

          

Fig. 6.8. (a) A comparison between µ-Raman based and analytically modelled surface stress 
distribution profiles for 42 µm and 21 µm segments. (b) The comparison of FE-modelled stress profile 
with the µ-Raman based stress distribution profiles at the surface of coating segments. All the profiles 
quite nicely fit with each other and are highly comparable. 

(a) (b) 
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also with analytical stress profiles (shown in Fig. 6.8a) for both of the segments. The surface 

stress profile made with a classical shear lag model based on Agrawal and Raj [36] method 

does not show any compressive zone (see Fig. 2.19-shear lag profile) near the edges of the 

coating segment that is shown by all the profiles in Fig. 6.8, rather the stress directly goes to 

zero at the crack surface from the tension in the middle of the segment (Fig. 2.19). Thus a 

simple shear lag model based on Agrawal and Raj [36] method cannot describe the complex 

stress state at and near the edges of a cracked coating segment when compared to FEM (see 

Fig. 5.24).  

Fig. 6.9 shows the comparison of experimental stress distribution profiles in another 42 µm 

coating segment with analytical and FE-modelled surface stress profiles in loaded and un-

loaded states. For the FE-modelled profiles, the segments edges are deleted for a better 

comparison. In the loaded state, all the profiles quite nicely fit with each other but in un-

loaded state the experimental stress profile shows very uneven distribution, whereas 

analytical stress profile demonstrates a constant compressive residual stress state in the 

whole segment and the FE-modelled stress profile shows compression at the center and 

tension near the edges due to edge effects and compressive residual stress. Only the stress 

                             

Fig. 6.9. A comparison of surface stress distribution profiles made with µ-Raman, analytical 
modelling and FE-modelling in loaded and un-loaded state for a 42 µm wide coating segment. In 
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loaded state all the profiles are nicely comparable but in un-loaded state, the stress distribution in the 
middle is only comparable.  

level at the center is comparable for all the surface stress profiles (Fig. 6.9). This behavior of 

the FE-modelled profile, in unloaded state (Fig. 6.9-green profile-solid line), is explained 

with the help of a schematic diagram shown in Fig. 6.10, in which an unloaded film segment 

(bonded to the substrate) with compressive residual stress is presented. 

 

Fig. 6.10. A schematic diagram of an unloaded film segment (bonded to substrate) with compressive 
residual stress in it.  

The comparison among experiments, analytical modelling and FE-modelling shows that the 

analytical and FE-models validate the experimental results to a large extent. The analytical 

model quite nicely explains the effects of plasticity of the substrate on the evolution of 

residual stress in the coating, on the stress generation and cracking behavior of the coating. 

Still, more work is needed to improve the model. There are some problems in the model that 

should be resolved such as: (1) how to include the bending of the cracked segments due to 

substrate deformation [6]; (2) how to incorporate the localized elastic–plastic deformation of 

the substrate in the vicinity of crack openings; (3) how to reduce the perfect stress transfer 

(which lowers the strain to fracture the coating) to the coating in the elastic–plastic regime of 

the substrate; and (4) how to include the effect of the interlayer (with complex residual 

stresses) on the stress transfer to the coating. 
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7. CONCLUSIONS AND OUTLOOK 

In this work the study of the deformation, stress transfer and damage mechanisms in thin 

brittle diamond films on ductile substrates was conducted under applied load. Moreover, the 

effects of different mechanical and geometric parameters of the film/substrate system on the 

stress transfer to the film from the substrate were studied using both experiments and 

modelling. In order to achieve this objective, in-situ tensile testing of CVD diamond coated 

metallic substrates was carried out in a scanning electron microscope (SEM) and a µ-Raman 

spectrometer. The adhesion measurements were conducted using a modified shear lag model 

and the results were validated with Rockwell C and scratch tests. The residual stress in the 

diamond thin films was measured with Raman spectroscopy and confirmed with FIB-DIC 

technique. Furthermore, shear lag analytical modelling and finite element modelling of the 

thin film/substrate system was carried out to confirm the experimental findings.   

Micro-Raman spectroscopy has been successfully used to assess the residual stresses present 

in the coating as a function of the applied strain. The in-situ Raman measurements have 

shown that the application of the unidirectional load can evolve the compressive residual 

stresses in thin brittle films bonded to ductile substrates. This further leads to film cracking, 

when the stress turns into the tensile regime and finally causes the delamination of the film 

after the crack spacing is saturated. The stress measurement across different cracked coating 

segments has shown that under applied tensile straining of the substrate, the middle portion 

of the segment develops tensile stress while the areas near the edges show compression and 

the cracking leads to a stress relaxation in the film. Moreover, the small coating segments 

need higher strain for cracking compared to large segments. In-situ tensile testing in             

µ-Raman spectroscopy allowed estimating the fracture strength of the film that is ~1.5 GPa. 

The FIB-DIC technique also produced nice results for the estimation of residual stresses in 

diamond thin films bonded to the ductile substrates. These results were in accordance with 

the residual stress measurements by µ-Raman spectroscopy.  

In-situ tensile testing in SEM allowed studying the cracking and delamination behavior of 

the diamond film bonded to the ductile substrates. The interfacial shear strengths estimated 

with the shear lag model have indicated that a film/substrate system with a finer mean 

saturated crack spacing, after tensile testing, shows higher adhesion strength compared to a 
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system with coarser mean saturated crack spacing. The Rockwell C and the scratch test 

qualitatively validated the results produced by shear lag method and showed that the shear 

lag model can be successfully used to estimate the adhesion strength of brittle-film/ductile 

substrate system provided that the delamination of the film is occurring. For the fracture 

strength calculations of the film, it is shown that the shear lag model is only applicable when 

the film produces cracking in the elastic regime of the substrate. For film-cracking in the 

elastic-plastic regime of the substrate, the application of the shear lag model gives an 

overestimated value of the fracture strength of the film since the stress transfer to the film 

from the substrate is reduced and the film cracking strain is increased. Moreover, the 

classical shear lag model does not explain the edge effects of the cracked coating segments 

on the stress transfer and distribution in the film. It is found in the current studies that the 

delamination in all the used coating systems has occurred at the interface between the film 

and the interlayer.  

Post mortem FIB characterization has revealed that a normal crack initiates from the film-

substrate interface and this is probably due to the constraint bending of the film under elastic-

plastic substrate deformation which generates higher tensile stresses at the interface. 

Furthermore, the delamination of the film always starts from the edges of the cracked 

coating segments due to the development of higher shear stresses at the interface near the 

film-segment edges compared to the centre. These results were nicely confirmed with the 

help of finite element modelling (FEM).  

In order to validate the experimental findings, a shear lag model was developed considering 

the stress evolution under uniaxial straining of the elastic-plastic substrate as well as the 

effect of the substrate plasticity was included. This model can be used to derive the stress 

distribution in a film/substrate system and explains the effects of the substrate plasticity on 

the evolution of residual stresses and on the cracking behavior of the coating. The results of 

this model validated the experimental coating stress-strain behavior, surface stress 

distribution in cracked coating segments, and the crack spacing distribution as a function of 

the applied tensile strain.  

In this work, it has also been shown (especially with FE-modelling) that with the increase in 

the Young’s moduli of ‘the film and the substrate’, the yield strength of the substrate and 
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work hardening of the substrate; the stress transfer to the film from the substrate is increased 

per unit substrate tensile straining, thus leading to an early cracking of the film. Furthermore, 

in the elastic regime of the substrate the stress transfer to the film is always higher than the 

elastic-plastic regime. It is also found that the high level of initial residual stress in the film 

can delay the film-cracking under tensile load. The results produced with analytical and FE-

modelling confirmed the experimental findings.  

There are some recommendations for the future work on this project. In order to resolve the 

issues of peak splitting in Raman spectra, high resolution polarized µ-Raman spectroscopy 

should be used. Tip enhanced µ-Raman spectroscopy can also be utilized to look into the 

individual grains of the diamond for the orientation dependence on the states of stresses. 

Another suggestion is to use the depth resolved µ-Raman spectroscopy to measure the depth 

profile of the stresses. If possible, the free standing diamond films should be tested in-situ in 

a Raman spectroscope and the results should be compared with diamond coated metallic 

substrates. For in-situ tensile the use of a high resolution scanning electron microscope is 

recommended, so that the crack initiation and further damage in diamond film could be 

clearly observed. The high resolution captured images from in-situ SEM tensile testing can 

be used with digital image correlation for the measurements of strain and Poisson’s 

contraction and also to locate crack initiation. The shear lag model developed in the present 

work nicely describes the stress distribution in cracked coating segments and the residual 

stress evolution in thin films as affected by the plasticity of the substrate. But there are some 

shortcomings in the model and the model can be improved by considering the following 

parameters: (1) the bending of the cracked segments due to substrate deformation may be 

included; (2) localized elastic–plastic deformation of the substrate in the vicinity of crack 

openings can be involved; (3) the interlayers between film and the substrate may be 

incorporated; (4) the stress transfer to the film in the elastic plastic regime of the substrate 

must be reduced. The results of the finite element modelling (FEM) can also be improved if 

the interlayers between the film and the substrate are considered. If cohesive zone FEM is 

used for a combined normal through thickness cracking and delamination then the results of 

in-situ tensile testing in SEM can be better described and validated. The effect of the film 

surface roughness may also be included to refine the results. 
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