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Abstract 

This work was partly done at the Universidad Nacional de Ingenierfa, Lima
Peru, and partly at the Eindhoven University of Technology. The first goal 
of the project was to produce various hard coatings (for example for anti
wear applications) on different substrate materials and measure whether 
the substrate with the coating increased its hardness. Coatings of TiN, TiC 
and TiCN were succesfully deposited on substrates of steel and copper, and 
less succesfull on glass and silicon, using a DC sputtering technique. In 
accordance with the literature, the coating adherence of TiN increased sub
stantially when an intermediate layer of Ti was deposited prior to the TiN 
deposition. During hardness measurements the Indentation Size Effect was 
observed with all substrates and an estimation of the magnitude in terms 
of Meyer's index, resulted in deviations of 5% (glass) to 17% (steel) from 
a (ideal) Meyer's index of 2. Hardness measurements were performed both 
with an optica! measuring microscope as with Scanning Electron Microscopy. 
The differences between the optica! measurements and the SEM measure
ments in Vickers hardness numbers ranged from 44% to 210% depending 
on the size of the indentation. The measurements proved not exchangeable 
and based on the time consuming procedures involved with SEM, all other 
measurements were only performed with the optica! measuring microscope. 
The sputtered films showed an increased hardness over the uncoated samples 
and an increasing hardness with increasing sputtering times (yielding thicker 
layers). The results were used to check two different models for separating 
film hardness from composite hardness; first Jönsson & Hogmark 's model 
based on geometrie considerations and secondly a variation on the function 
of depth weight factor approach adapted from He, Li & Li. Both models 
did not yield film hardnesses which could be verified by literature values 
due to the large measurement errors for the smal! indentations. Attempts 
were made to bring Vickers hardness measurements in agreement with nano 
indentation hardness measurement. For this purpose, several substrates of 
glass and silicon were covered by amorphous hydrogenated carbon using 
plasma beam deposition. It was shown that the Indentation Size Effect can 
be accounted for as a result of deformation mechanism. Vickers hardness 
explores plastic deformation and nano indentation calculates the hardness 
via the elastic deformation data. The ISE can be explained by assuming a 
constant amount of elastic deformation prior to the entrance of the plastic 
deformation domain. Adjustment is needed for the models so that they in
cOI·porate the Indentation Size Effect of both the substrate and the film or 
that the models can analyze data achieved with nano indentation. 
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Chapter 1 

Intrad u ct ion 

Coatings are used in a wide variety of applications some of which are given 
below: 

• Medicinal applications. Coatings are used for biocompatible surgical 
inserts, blood compatible devices, coatings for contact and intraocular 
lenses, sterilization of medica! instrumentation. 

• Decorative purposes such as: kitchenware, wristwatch casesjstraps, 
frames for eyeglasses, jewelry. 

• Optica! applications: transparent antiscratch coatings, optica! filters, 
reflectivity control, environmental control, transparent electrically con
ducting coatings. 

• Microelectronics: thin film resistors and capacitors, electrical 
cantacts for integrated circuits, integrated circuits, magnetic 
memories/magneto-optical recording. 

• Textile coatings: water repellent/hydrophillic coatings, antistatic coat
ings. 

• Surface modification: surface hardening (protective coatings). 

• Environmental controle: selective permeation membranes, thermal 
conditioning of buildings. 

Here the emphasis will be on metallurgical and protective coatings. The un
usual materials used for these metallurgical coatings can be drawn from sev
eral classes of solicis and include ionic ceramic oxides (Al2Ü3. Zrü2, Ti02), 
covalent materials (SiC, BC diamond), transition metal compounds (TiC, 
TiN, WC) and metal alloys (CoCrAIY, NiAI, NiCrBSi) [Ohr92]. As a whole 
they are characterized by an extremely high hardness (Vickers hardness 
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number 2000), very high melting points (up to 3067°C for TiC) and resis
tance to chemica! attack, attributes that have marked their use in critica! 
applications where one or more of these properties is required. Hard coatings 
of TiN and TiC for example are used to extend the life of cutting tools, dies, 
punches and in applications such as bal! hearings to minimize wear phe
nomenae. Thermal coatings find extensive use in gas turbine engines where 
they help to imprave the performance and extend the life of compressor and 
turbine components. 

As the name implies, protective coatings are intended to defend the underly
ing materials, usually metals, from harsh gaseaus or aqueous environments 
that cause corrosive attack. Such coatings have found applications in chem
ica! and petroleum industries, coal gasification plants, as wel! as in nuclear 
reactors. Employing coatings represents a significant departure from tra
ditional engineering design and manufacturing practices. Recently several 
important factors have combined to make a big advance in the different 
techniques that are needed to produce and commercialize these protective 
coatings: 

1. In many critica! applications the design specifications cal! for proper
ties that are simply beyond the capabilities of the commonly available 
and routinely processed materials. The new limits of demanded be
haviour can be met by the use of the unusually hard, temperature
and degradation resistant materials noted earlier. However, these ma
terials are extremely difficult to fabricate in bulk farm. 

2. Concerns of limited availability of strategie materials, the thrust to
ward energy efficiency and independenee and an increasingly compet
itive world economy, have exerted st rong im pulses to considerably 
tighten engineering design, imprave performance and economize on 
materials u tilization. 

3. High-quality coatings possessing fewer surface imperfections than com
parable pressed and sintered bulk parts made from powder, can now 
be reproducibly deposited. This is due to the advances made in the 
basic understanding of the deposition processes and the development 
of improved coating and deposition techniques. 

4. The commercial availability of the necessary chambers or reactors, 
hardware, computer-controlled processing equipment and high-purity 
sourees of precursor gases, powders and sputtering targets has facili
tated the option of employing coatings. 

Various combinations of the above factors have then resulted in the applica
tion of coatings to the underlying ma.terials, each with their partiCldar set of 
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desirabie and complementary properties. For example, many structural ma
terials with adequate high-temperature mechanica! properties simply do nat 
have the ability to withstand high-temperature oxidation, corrosion, parti
ele erosion and wear. On the other hand, the materials that do passes the 
environmental resistance either do nat qualify as structural materials be
cause of low toughness or are toa expensive to fashion in bulk farm (if they 
can be found in bulk farm at all). At present it can be stated that plasma 
processing of coatings and its industrial applications are in full expansion 
and it may be expected that this technology will be among the major tools 
for materials processing in the next century. 

The aim of this project is to get a better insight in the processes involved 
with Vickers microhardness testing on thin films. A new model will be used 
to investigate essential parameters concerning microhardness testing. At
tempts wil! be made to campare the Vickers indentation technique with the, 
for thin films, more suitable nano indentation measurements. In the follow
ing chapters first the plasma processing of materials and Vickers and nano 
indentation hardness measurements will be discussed. In chapter 3 is ex
plained how the TiN, TiC and TiCN layers were deposited using de sputter 
deposition. The results of the hardness measurements will be given in chap
ter 4 and in chapter 5 the results and conclusions will be summarized. This 
work was partly dorre at the Universidad Nacional de Ingenieria, Lima-Peru 
and partly at the Eindhoven U niversity of Technology. 
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Chapter 2 

Theory 

The development of thin film technology gave rise to the increase in knowl
edge and application of what is called metallurgical and protective coatings. 
Three different classes, based on the bonding type, can be distinguished for 
the coating materials used. First the ionic hard oxides of Al, Zr , Ti, etc. 
Next are the covalent hard materials like the borides, nitrides and carbides 
of Al, Si and B as wel! as diamond. Finally, there are the metallic hard 
compounds consisting of the transition metal borides, nitrides and carbides. 
Important properties of these materials for the purpose of protective coat
ings, are: 

• The materials have an extremely high ("' 2000 or more) Vickers hard
ness number. For comparison; copper has a Vickers hardnessof about 
150 [Rub] whereas diamond has a hardness of 10,000. The method of 
Vickers hardness testing wil be discussed elaborately in section 2.4. 

• These compounds have an extremely high melting temperature. 

• The stiffest metals have elastic Young moduli overlapping the moduli 
of the oxides. The ionic solids have a lower modulus of elasticity. 

• The linear thermal coefficient increases from covalent via metallic to 
ionic compounds and are typically a factor two lower than for metals. 
An important souree of coating residu al stress is the therm al contri
bution generated by the difference in expansion between coating and 
substrate (see also section 3.4.3). 

• The thermal conductivit~' of the hard metallic and covalent compounds 
is camparabie to that of the transition metals and their alloys. Good 
metallic electrical conductors have proportionally higher thermal con
ductivities. 
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In this chapter are considered the theoretica! aspectsof the sputter process, 
plasma beam deposition techniques, the structures of the used coating ma
terials and the backgrounds of the Vickers hardness measurements. In the 
latter section two rnadeis concerning the hardness measurements of thin films 
are presented. Namely; the proportional supporting area model of Jönsson 
and Rogmark [Jön84] and a variation on the function of depth weight factor 
approach introduced by He, Li and Li [He96). The last section is devoted to 
nano indentation techniques and theory. 

2.1 DC-sputtering 

A DC sputtering setup in its most basic farm consistsof a vacuum chamber 
cantairring a target plate and a substrate. Because the target is connected 
to the negative terminal of a de power supply, the target is also known as 
the cathode. Typically, several kilovolts are applied to it. The substrate that 
faces the cathode may be grounded, electrically floating, biased positively or 
negatively, heated, cooled, or some combination of these. After evacuation of 
the chamber, a gas, typically argon, is introduced and serves as the medium 
in which a discharge is initiated and sustained. Gas pressures can range 
from a 0.1 to 10 Pa. Aftera visible glow discharge is maintained between the 
electrodes, it is observed that a current flows and that a film condenses on the 
su bstrate (anode). Microscopically, positive i ons in the discharge accelerate 
towards the cathode plate and sputtering takes place when the ion impact 
establishes a train of callision events in the target lcading to the ejection of a 
matrix atom. The most fundamental sputter parameter is the sputter yield 
S, which is defined as the number of atoms or molecules ejected from a target 
surface per incident ion and is a measure of the efficiency of sputtering. For 
example 0.5 keV Ar ionsimpinging on a Ti target result in a sputter yield 
of 0.51 [Ohr92]. The sputtered atoms enter and pass through the discharge 
region to eventually deposit on the growing film. In addition, other particles 
(secondary electrons, desorbed gasses and negative ions) as wel! as radiation 
(X-rays and photons) are emitted from the target (see figure 2.3 for some 
examples of processes that take place at the target surface). 

From this it follows that the processes that take place in a sputter discharge 
are nat that easy to model. 

2.1.1 Plasma physics 

From a physical point of view, a plasma can be defined as a quasineutral 
ionized gas which exhibits a collective behaviour. A quasineutral ionized 
gas refers to a gaseaus mixture of molecules, atoms. positive ions (molec
ular or atomie) ancl free electrans (with positiv(' ancl negative charges in 
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nearly equal numbers) such that the mixture is electrically neutral from a 
macroscopie point of view. If an electrastatic perturbation is established, 
however, by inserting in the plasma an electrically charged body or elec
trode connected to an external power supply, the plasma electrical charges 
immediately react collectively and distribute themselves in space to annihi
late the resulting electric field in the vicinity of the perturbing object, thus 
allowing the bulk of the plasma to retain its quasineutral condition. This 
is the collective behaviour indicated in the definition, which results from 
the long range Coulomb electrastatic farces inherent to the charged plasma 
particles. [Rod97] 

Thermal plasmas 

A conceptual simpler introduetion to the plasma state results from the con
sideration of the different states of matter and of the associated kinetic 
energy of its constituent particles. If a solid material is heated by an ex
ternal thermal source, the kinetic energy of its particles increases. Provided 
enough energy is added, the material will change into the liquid and gaseaus 
states, respectively, which correspond to states of increasing kinetic energy 
of the constituent material particles. U pon further heating of the gas and 
assuming that it is formed by molecular species only, the energy exchanged 
in an inelastic callision between two molecules may be sufficiently high to 
break the electrastatic bands which hold their constituent atoms together. 
The resulting molecular dissociation adds atomie species to the gas. Finally, 
if the gas is further heated, some of its species may now become ionized 
during inelastic collisions as aresult of the rupture of the bands which hold 
tagether the orbital electrans and the atomie nuclei. The ionization adds 
two new species to the neutral gas: free electrans and positive ions, which 
may be of atomie or molecular nature. This new condition of matter is called 
'plasma' and is usually defined as the fourth state of matter, as in addition 
to the solid, liquid and gaseaus states. According to the kinetic theory of 
gases, the gaseaus species in a closed vessel move at random and experience 
elastic collisions among themselves as well as with the walls of the reactor. 
As a result of these collisions, the species attain an equilibrium velocity 
distribution \Yhich allows to define the species temperature. For a gas in 
thermadynamie equilibrium, the velocity distribution obeys the Maxwell
Boltzmann law, according to which the average kinetic energy of the gas 
species can be related to their temperature (T) as: 

1 -2 3 
-mv =-kT 
2 2 

(2.1) 

where k is the Boltzmann constant, 1n is the species mass and v2 is the 
mean square speed for the gas species. In genera!, it is usual to express the 

-
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temperature in termsof the corresponding mean kinetic energy in eV (1 eV 
= 11,600 K). In the case of a thermally produced plasma, the temperature of 
all its different species is the same and the plasma conditions can be defined 
exclusively in terms of the camman temperature and of the concentration 
of its different species. These are called thermal plasmas. 

Non-equilibrium plasmas 

In most practical circumstances (for example glow discharges forsputtering 
applications) plasmas are produced using electric discharges in low pressure 
gases. U nder these circumstances, the work dorre by the discharge electric 
field goes primarily to the electrans which attain an average kinetic energy 
much higher than that of the positive ions and neutrals. As a result the 
temperature correlated to the electrons, Te is much higher than the tem
perature of the ions, Ti, as wel! as of that of the neutral species, Tn. These 
are non-equilibrium plasmas, whose analysis is considerably more complex 
than that of the thermal plasmas considered previously. Proper characteri
zation of non-equilibrium plasmas requires to know the temperature of their 
different species as wel! as their concentration. The differences in species 
temperatures can be understood on the basis of the following arguments. 
Assuming no collisions and an electron of charge e which starts accelerating 
at time t = 0 with initia! velocity Ve = 0 under the effects of an electric field 
E, the work dorre by the field after a time t = T is as follows: 

(2.2) 

where me is the electron mass, ve(r) the electron velocity at timeTand Xe(r) 
is the distance the electron has moved in time T. Si nee the electron moves 
with a constant acceleration of eE /me the distance can be expressed as: 
Xe(r) = [eE/2me]T2 and ve(r) =eEr/me. So an expression We(r) ex 1/me, 
for a given value of E and T. Repeating the analysis for the work clone by 
the electric field on an ion during the sametime interval and calculating the 
work ratio, it follows: 

W (r) m· 
_e_ = _z > 1.84 · 103 

Wi(T) me -
(2.3) 

where the equality holds for the case of hydragen ions and the inequality for 
all other ions. 

At this point the effects of the elastic collisions are no langer neglected. 
First the elastic collisions will randomize the directed energy imparted to 
the charged particles by the electric field and establish an equilibrium ve
locity distribution function so the usual relationship between the average 



CHAPTER 2. Theory 

kinetic energy and the species temperature can be used. Second, the degree 
of ionization of the considered plasmas is usually very low, ne / nn ~ 1, where 
ne and nn are the concentrations of electrons and neutrals, respectively. As a 
result, chargecl-partiele collisions with neutrals dominate the collisions with 
other charged particles. According to the theory of elastic collisions of hard 
sphere particles, the energy transferred by a partiele of mass m 1 and kinetic 
energy E 1 to a partiele of mass m2 at rest in a head-on collision is equal to 
!:l.E = 4(m7f;;;;)2 E 1 [Ohr92]. Hence if m 1 ~ m 2 the transfered energy will 
be !:l.E = 4!!!.1. E 1 and in this case the incident partiele looses only a very 

m2 

small fraction of its energy (when m 1 = m 2 all the energy is transfered). 
Although the model considered represents an oversimplification of the real 
conditions, it supports the general condusion that the electron-neutral col
lisions are highly ineffective in cooling the electrons, whereas ion-neutral 
collisions effectively take out energy from the ions. Thus in genera!, the ions 
will loose nearly all the energy gained from the electric field to the plasma 
neutrals, while the electrans will keep gaining energy from the electric field 
and reach a much higher equilibrium average energy. The light and heavy 
plasma species will attain different equilibrium velocity distribution func
tions and thus Te ~ Ti and Ti ~ Tn. The actual equilibrium value of Te 
results from a balance between the energy gain of the electrons from the 
electric field and the energy losses resulting from elastic collisions with neu
trals ( depending on collision frequency and thus gas pressure) as well as 
from inelastic collisions with neutrals ( excitation and ionization collisions). 
Figure 2.1 illustrates the dependenee of the gas and electron temperatures 
on the plasma pressure [Rod97]. In particular, since the heat transfer to a 
material body immersed in the plasma depends on the gas temperature (see 
also figure 2.1) T9 , ( the electron heating effect is negligi bie because of the 
small electron mass and concentration), processing now bec01nes possible at 
low temperature which allows applications not possible by other techniques. 

2.1.2 The de glow discharge 

The manner in which a glow discharge progresses in a low-pressure gas 
increasing the applied voltage, is as follow (see also figure 2.2). 

1. A very small current flows at first due to the small number of initia! 
charge carriers in the system. 

2. As the voltage is increased, sufficient energy is imparted to the charged 
particles to create more carriers. This occurs through ion collisions 
with the cathode, which release secondary electrons, and by impact 
ionisation of neutral gas atoms. With charge multiplication, the cur
rent increases rapidly, but the voltage n~mains constant. This regime 
is known as the Townsend discharge. 

9 
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Figure 2.1: Electron temperature Te and gas temperature Tg in a partially ionized 
plasma as a function of the gas pressure. {Rod97} 
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3. Large numbers of electrans and ions are created through avalanches. 
Eventually, when enough of the electrans generateel produce sufficient 
ions to regenerate the same number of initia! electrons, the discharge 
becomes self sustaining. 

4. The gas begins to glow now, and the voltage drops, accompanied by a 
sharp rise in current. At this state "normal glow" occurs. Initially, ion 
bombardment of the cathode is nat uniform but is concentrateel near 
the cathode edges or at other surface irregularities. 

5. As more power is supplied, the bombardment increasingly spreads 
over the entire target surface until a nearly uniform current density is 
achieved. 

6. A further increase in power results in higher voltage and current den
sity levels. The "abnormal discharge" regime has now been entered, 
and this is the operative domain for sputtering and other discharge 
processes ( for exam ple plasma etching of thin films). 

7. The last region in the discharge charaderistic considered he re, is the 
are discharge. As aresult of the ion bombardment on the cathode the 
cathode material heats up and thermal electrons are emitted. The are 
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Figure 2.2: Voltage-current characteristic of a gas discharge. For an explanation of the 

numbers see the text {Sch96}. 
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discharge is used in the plasma beam deposition technique described 
later on. 

Crossing the "abnormal discharge" from cathode to anode, the following 
optically distinguishable regions are encountered. Adjacent to the cathode 
there is a highly luminous layer known as the cathode glow. The light emitted 
depends on the incident ions and the cathode materiaL In the cathode glow 
region, neutralization of the incoming discharge ions and positive cathode 
ions occurs. Secondary electrans start to accelerate away from the cath
ode in this area and collide with neutral gas atoms located some distances 
away from the cathode. In the Crookes dark space, nearly all the voltage is 
dropped and the positive gas ions are accelerated toward the cathode. The 
next region to be distinguished is the negative glow, where the accelerated 
electrans acquire enough energy to impact-ionize the neutral gas molecules. 
The substrate is placed in this negative glow so that other regions like Fara
day's dark space and the positive column do not occur (see also figure 2.3). 

2.1.3 Collision processes 

Collisions between electrans and all the other species ( charged or neutral) 
within the plasma dominate the properties of the glow discharge. Collisions 
are elastk or inelastic, depending on whether the internal energy of the 
colliding species is preserved. In an elastic callision there is conservation of 
momenturn and translational kinetic energy. The potential energy basically 
resides within the electronk structure of the colliding ions, atoms, molecules, 
etc., and increases in potential energy are manifested by ionization or other 
excitation processes. In an elastic collision, no atomie excitation occurs and 
potential energy is conserved. A rich diversity of inelastic collisionsis possible 
and also occur in sputtering discharge plasmas. Only some of them are given 
he re: 
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1. Ionization. The most important process in sustairring the discharge is 
electron impact ionization. A typkal reaction is 

(2.4) 

The two electrans can now ionize more Ar, etc. The reverse reaction. 
in which an electron combines with the positive ion to form a neutra!, 
also occurs and is known as recombination. 

2. Excitation. In this case the energy of the electron excites quantitized 
transitions between vibrational. rotational and electronk states, leav-
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Figure 2.3: Schematic drawing of the glow discharge between a cathode (target) and 
an anode. The expanded views show some possible processes that can occur at the 
targetjsubstrate surfaces. 
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ing the molecule in an excited state (denoted by an asterix). An ex
ample is: 

(2.5) 

3. Dissociation. In dissociation the molecule is broken into smaller atomie 
or molecular fragments. For example dissociation of C F4 : 

(2.6) 

4. Dissociative ionization. During the dissociation one of the excited 
species may become ionized: 

(2.7) 

5. Electron attachment. Neutral molecules become negative wns after 
capturing an electron: 

(2.8) 

6. Dissociative attachment. 

(2.9) 

In addition to electron collisions, ion-neutral as wel! as excited or metastable
excited, and excited atom-neutral collisions occur. Examples [Lie94]: 

1. Symmetrical charge transfer 

(2.10) 

2. Asymmetrical charge transfer 

(2.11) 

3. Metastable-neutral (Penning) ionization 

(2.12) 

4. Metastable-metastable ionizcliion 

(2.1:3) 
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2.1.4 Processes at the substrate surface 

Important for growing thin solid film on substrates are the processes that 
take place at the surface between the atoms of the substrate and the bom
barding atoms and i ons. Same of them are shown in figure 2.3. Each depends 
on the type of ion (mass, charge), the nature of the surface atoms involved, 
the substrate temperature and the ion energy. Thin film processing, deposi
tion and characterization techniques rely on these interactions. For example, 
ion implantation involves burial of ions under the substrate's surface and is 
essential in for exam ple the fabrication of very large se ale integrated circuits. 
In contrast, ion-scattering spectroscopy techniques require that the incident 
ions be reemitted for measurement of energy loss. 

2.1.5 Sputtering of alloys 

In contrast to other physical vapour deposition techniques, sputtering al
lows for deposition of films with the same composition as the target source. 
Whereas with a melting souree (PVD) the concentration differences in the 
melt due to different vapor pressures and sputter yields are canceled out 
quickly by diffusion. Consider a target that is made out of two materials, 
A and B for example a massive cylinder of A which is mounted in a mas
sive cylinder of material B. The surface areas are AA and AB and the tata! 
surface area is: A = AA+ AB. The materials have different sputter yields; 
SA and SB. In one second, <l>i sputtering gas atoms impinge on the target 
surface. The ratio of the sputtered atoms fluxes is given by: 

(2.14) 

So in this binary system the sputtered atom fluxes have a constant compo
sition in time. However backsputtering of deposited atoms on the substrate 
surface may take place with different sputter yields, in that way changing 
the composition of the deposited layer and because of the time dependancy 
befare reaching equilibrium even farm an intermediate layer with other com
position. 

2.2 Expanding thermal plasma deposition of a
C:H 

Another means of depositing thin films as opposed to the sputtering methad 
mentioned before, is plasma beam deposition. Compared toother deposition 
techniques, plasma beam deposition excels in the achieved growth rates. In 
genera!; a plasma souree (the plasma are) acts as a souree of ions. From the 
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Figure 2.4: Schematic drawing of an expanding thermal plasma deposition set-up con
sisting of a cascaded are plasma source, an expansion vessel and the substrate holder 
{Gie96}. 

subatmospheric cascaded are souree the (usually argon) plasma expands into 
a eh amber at low pressure. In the chamber it is possible to add various gasses, 
enabling control over the plasma composition. In this manner it is possible 
to add a hydracarbon monomer possibly in combination with other gasses 
(N2 , 02). The formed mixture can then deposit on a substrate mounted on 
the other side of the vessel. The various components of a described set-up 
are shown in figure 2.4. 

2.2.1 The easeaded are souree 

The cascaded are souree consists of eight water-caoled circular plates with 
a center hole in which argon can be injected. A large current is used to 
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heat the plasma and obtain a thermal argon plasma. The properties of the 
plasma can he controlled (toa certain extent) by operating parameters such 
as argon flow and are current. 

2.2.2 Admixing of reactive gasses 

Just after the expansion of the thermal plasma into the vacuum chamber 
at low pressure, reactive gasses can he injected via the nozzle, mounted at 
a short distance from the are for that purpose. Possible gasses (precursor 
gasses) are C2H2, CH4, N2, 02. In cases an amorphous hydrogenated car
bon layer is deposited using a C2H2 precursor, the most important plasma 
reactions are [Gie96]: 

(2.15) 

foliowed by: 

C2HJ + e- ---7 C2H~ + H* 

---7 CH* +CH* 

---7 C~+H2 

---7 C* + CH2 (2.16) 

On grounds of the production rates, only the first two possible reaction 
channels are taken into account [VHe98]. So besides C2Ht, C2H and CH 
also argon atoms, electrons, hydragen radicals and hydragen molecules will 
he present in the deposition plasma. 

2.2.3 Deposition of materials on the substrate 

The expanding mixture of particles (atoms,ions, molecules) will flow at sub
sonic veloeities to the substrate. The surface reactions are similar to the 
reactions previously shown for sputter deposition (section 2.1.4). In acear
dance with equations 2.16 and the conesponding reaction times, C2H is most 
likely to deposit on the surface [VHe98]. The surface temperature also is an 
important deposition parameter as increase of temperature evokes reevapo
ration and the mobility of the atoms on the surface increases. Because the 
su bstrate is placed in the expanding plasma, no extern al electric field has to 
be applied. On the contrary. with sputtering depastion the substrate is one 
of the electrades used to generate an electric field. 
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2.3 Transition metal compounds 

2.3.1 TiN 

The complex bonding structure in TiN, a mixture of covalent, metallic and 
ionic components, gives rise to a unique combination of properties and has 
resulted in a very wide range of applications including hard wear-resistant 
coatings on cutting tools [Hat83], selectively-transmitting abrasion-resistant 
coatings on architectmal glass [Val83], ditfusion harriers in integrated cir
cuits [Wit81] and active elements in superconduction devices [Wol81]. The 
high mechanica! hardness of transition metal nitrides and carbid es is related 
to the fact that the bonding is predominately covalent [Sun86]. However 
there is a sufReient component of metallic bonding so that the electrical 
conductivities of transition metal nitrides and carbides are also relatively 
high. TiN films have been deposited by a variety of techniques including re
active de, rf and magnetron sputtering, ion plating, activated reactive evap
oration and chemica! vapour deposition. The reported physical properties of 
these films vary over many orders of magnitude depending upon the growth 
technique and the particular deposition parameters employed. For example 
reported values of Vickers hardness numbers vary from 340 [Nak77] to 4000 
kgf/mm 2 [Fle79]. These large variations arise primarily from differences in 
film microstructure (grain size, structure, void density), film stoichiometry 
and film purity. The structure of titanium is a hexagonal close packed lat
tice (a= 2.95Á, c = 4.68Á). Growing a crystal of Ti and N results in a face 
centered cubic crystalline contiguration camparabie to that of NaCI. Figure 
2.5 shows a schematical representation of TiN in a fee lattice with one unit 
cell consistin& of one titanium and one nitrogen atom. The lattice parameter 
is a = 4.243 A. 

In figure 2.6 the phase diagram for the titanium-nitragen compound is 
given for nitrogen contents up to 50%. Note that the TiN is stabie in a 
nitrogen content range from 60% to 100%. Between the hexogonal phase 
(a:-Ti) and the TiN phase, the compound E-Ti2N is formed in which the 
nitrogen cristalizes in a tetragorral lattice. For the anti-wear application of 
the TiN coating the mechanica! properties of the compound are of evident 
importance. Such as [Ohr92]: 
Melting temperature: 2950 ° C 
Vickers Hardness: 2100 kgf mm- 2 

Density: 5.4 g cm - 3 

Young's modulus: .590 kN mm- 2 
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Figure 2.5: Hexogonal close packed structure of Ti (!eft) the primitive ce/Is are trans
lated [H ~] and the face centered cubic configuration of for example Na Cl, TiN, TiC 
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Figure 2.6: Phase diagram of the Ti-N compound for N contents up to 50 % [Ta/97}. 
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Figure 2. 7: Phase diagram of the TiC compound {Ta/97} 

2.3.2 TiC 

TiC coatings have an extreme hardness and high melting temperature 
which made them a candidate for nuclear fusion chamber wall coating 
[Kam83]. Similar to the TiN compound, TiC is formed by growing carbon 
and titanium atoms which will form the fee structure as indicated in figure 
2.5. The lattice parameter a is dependent of the carbon content and ranges 
from 4.26 to 4.32 as the carbon content increases from 20 to 50 % [Exn79]. 
Material properties of TiC [Ohr92]: 
Melting temperature: 3067 ° C 
Vickers Hardness: 2800 kgf mm - 2 

Density: 4.9 g cm-3 

Young's modulus: 460 kN mm-2 

2.3.3 TiCN 

Also the TiCxN l-x compound is widely used as a protective hard coating 
for various kinds of materials but also other usefull properties were recently 
discovered. For example introduetion of carbon in TiN modities the colour of 
this coating, while the heat-mirror properties are essentially conserved (used 
for application in architectmal elimate control). The colours in reflectance are 
changed from golden yellow for TiN to greyisch silver for TiC [Kar84]. 
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2.4 Principles of Vickers hardness measurements 

Sirree the very early introduetion of the Mohs scratch hardness test, a com
plex variety of different hardness definitions and tests have been variously 
advocated. Many of these different tests measure quite different kinds of 
hardness. Thus, one instrument will measure scratch hardness from the 
width and depth of a scratch produced by, say, a corner of a diamond 
cube. Another measures rebound hardness by observation the hounee of 
a hard sphere. A third test measures abrasion hardness derived, say, from 
the amount of material abraded away by a hard grinding wheel under stan
dardized loads and speeds. However, perhaps the most widely used test for 
hardness is the indenfation hardness measurement in which, under given 
laad and for an agreed time, an indentation is made in the objects under 
test. If soft, the indenter goes in deeply, if hard there is only a shallow pene
tration. The indentation hardness, calculated from the measured dimensions 
of the indentation, is commonly given as the number of kilograms per square 
millimetre which the indentation is supporting. Also in indentation methods 
a wide variety of techniques can be distinguished. There is the Brinell test 
in which a hard steel or carbide hall is pressed into the object to make a 
rounded indentation. Widely used are the Rockweil tests. Here diamond (or 
steel) cones are pressed into the object and from the depth of the penetra
tion the Rockweil hardness is computed. An extensively used indentation 
methad is the Vickers test. In this the indenter (figure 2.8) is a carefully 
made diamond, square based, pyramid with an accurately ground point with 
included angle 136° (adopted because of reasans for matching the geometry 
( depth-area relation) of the Brinell indenters). The Vickers indentation on a 
homogeneaus material is a square based, pyramidal depression and the laad 
is applied for a standard number of seconds. As a rule it suffices to measure 
the diagonals of the indentation. However according to the sample there can 
be recovery when the diamond is removed. This reveals itself in three ways, 
namely: (1) the depth of the indentation diminishes, (2) the si des of the 
square change, aften to a pin-cushion shape, (3) alteration of the flow of 
material arom1d the indentation (plastic deformation). [Tol70] 

2.4.1 Vickers hardness 

The Vickers hardness (in kgf/mm 2 = 9.8 N/mm2 ) is given by the ratio of the 
applied laad L and the area of the resulting indentation. For the pyramid 
mentioned above, this will be 

OL 
H = 2cos 22 d2 (2.17) 

Wh ere 2 cos 22° is a result of the geometry of the pyramicl and d is the 
indentation diagonal. D, the indentation depth, is directly proportional to 
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136. 

Figure 2.8: Geometry of a diamond Vickers indenter with an included angle of 136° 
as used for Vickers hardness measurements. 

d, namely: 

D = dtan22° 

2V2 (2.18) 

2.4.2 The lndentation Size Effect (ISE) 

In studies of the micro hardness of materials (applied laad smaller than 
100gf) an increased hardnessis observed with decreasing loads (though also 
decreasing hardnesses are possible). This phenomenon is known as the In
dentation Size Effect (!SE). 

Description of the ISE using Meyer's law 

A widely used way of descrihing the indentation size effect is Meyer's law. 
In this methad the laad is corrected in the farm: 

Adn 
so H = 2cos22°---;[2 (2.19) 

With n, the Meyer's index, a measure for the magnitude of the indentation 
size effect. The closer n is to 2. the smaller the indentation size effect. 

In the past several explanations are given for this effect [Ios96]. [Bur84], 
[Li93]. Here are some of them: 

22 

1. elastic recovery of the material around the indentation decreasing the 
measured diagorral thus increasing the apparent hardness, 

2. a needed initiation test laad tostart plastic flow (a laad was applied 
but no indentation was made). 
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3. friction between the indenter surface and the indentation surface de
creasing the measured diagonal and therefore increasing apparent 
hardness, 

4. with smaller loads vibrations in the apparatus become increasingly 
important yielding larger indentations , 

5. statistica! measurement errors. 

6. incorrect measurement of the indentation diagonal because of pile-up 
of material at the indentation edges. 

Lately, two groups have developed ways to account for the last explanation. 
The approach of lost & Bigot [Ios96] is adopted in the next section. Appendix 
A is devoted to the approach of Farges & Degout [Far89]. 

lost & Bigot correction 

Here an approach is used which corrects for the pile-up. A correction for the 
applied load L could account for the ISE and is proposed by a Proportional 
Specimen Resistance (PSR) model. The correction is proportional to the 
indentation size: 

(2.20) 

where a 1 is related to the proportional resistance of the test specimen and 
a2 is a constant. Combining this corrected load with the normal Vickers 
hardness equation (2.17) , yields: 

o( a1) rr B H = 2 cos 22 a2 + d = 11 o + d (2.21) 

Ho and B are fitting parameters in a plot of H against 1/ d. In demand
ing that the real hardness is an artefact of the measurement , the corrected 
hardness Hcor must be constant when the print diagonal is corrected [Ios96] . 

_!!_ = d~or = 1 + _!!_ 
Hcor d2 Hod 

(2.22) 

or 

d2 = d2 + !!_d cor Ho 
(2.23) 

Thus providing a mathematica! correction of the measured curves for ISE 
by determing B and Ho from the plot of H against 1/ d. The form of 2.23 is 
equal tothefarm Farges and Degout derived on geometrical considerations 
calculating the con tribution of the pile up [Far89} (see appendix A). 

This theory is experimentally checked by lost and Bigot [Ios96] and shows 
to be satisfactory in correcting for the indenta.tion size effect . 

23 



CHAPTER 2. Theory 
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Figure 2.9: Schematic drawing of a Vickers indentation on a sample consisting of a 
substrate with a film. d Is the indentation diagonal. Af is the projected film supporting 
area and A, the projected substrate supporting area. 

2.5 Separating film hardness and substrate hard
ness 

2.5.1 Jönsson and Rogmark model 

For thin surface coatings the hardness characteristics can not be measured 
directly. Due to the small film thickness ( when the film thickness is of the 
same order of magnitude as the indentation depth), the measurement of 
the hardness of the film is inftuenced by the substrate hardness. Jönsson 
and Hogmark describe and check a method of separating the film hardness 
from the composite hardness by the ratiosof the projected support ing areas 
[Jön84] . A schematic drawingis given in figure 2.9. 

Thus: 

(2.24) 

the weighed mean , where He the composite hardness, AJ the projected film 
supporting area, As the projected substrate supporting area, A= AJ + As 
and Hf and Hs are the film hardness and the substrate hardness, respec
tively. Another way of writing (2.24), is: 

(2.2Ei) 
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An expression for the projected areas ratio AJ/A is given in [Jön84]: 

A t (t)2 j = 4v/2 sin 22° cos 22° d - 8 sin 2 22° cos2 22° d (2.26) 

Where t is the film thickness. In terms of the indentation depth D, this is, 
using (2.18): 

(2.27) 

w he re C 1 = sin 2 22°. In this case the com posite hardness can be separated 
like: 

(2.28) 

2.5.2 N ew model 

Another interesting approach is the more mathematica! description of He, 
Li and Li in [He96]. The model is based on a function of depth weight factor 
and leads in special cases to already known theories of composite hardness 
separation. 

When an indentation is made, the contribution of the material at a certain 
depth h, can be expressed as the intrinsic hardness at that point multiplied 
by a weight factor. The total measured hardness will be 

He= 1 p(h) · H(h)dh (2.29) 

He is the composite hardness, p(h) is a weight factorand H(h) the intrinsic 
hardness at point h. Switching to dimensionless reduced depth coordinates, 
dividing all distances by the indentation depth D, x = h/ D, Eq. 2.29 be
comes 

He= 1 p(x) · H(x)dx {:2.30) 

with p(x) the function of depth weight factor. Applying this toa homoge
neaus material yields 

He= 1 p(x)Hdx = H 1 p(x)dx = H so that 1 p(x)dx = 1 (2.31) 

which is a normalizing condition for the function of depth \veight factor. 
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Figure 2.10: Schematic drawing of the switching from coordinate h to dimensionless 
coordinates x = h/ D. t is the film thickness and D is the indentation depth. Two 
possible function of depth weight factors are depicted in the upper part of the drawing. 

Linear function of depth weight factor 

Consider first the case of a linear dependenee of the function of depth weight 
factor on the depth. Note that after a certain depth b (also the critical 
red u eed depth), the deeper lying material doesn 't have any effect on the 
measured hardness. The function of depth weight factor should then be (see 
also figure 2.10) 

p( x) = { 6~ ( b - x) (x < b) 
(x ~ b) 

(2.32) 

Which is made to comply with (2.31). With t the film thickness it can be 
derived that 

(2.33) 

Wh ere H 1 and Hs are the film hardness and substrate hardness. respectively. 
Campare (2.33) with the model that .Jönsson and Hogmark derived with 
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geometrie considerations (2.28). This is equal to (2.33) when the parameter 
bis chosen b = 1/C1 = 1/ sin2 22°. So in this case the contribution ofthe film 
and the su bstrate follow the ratio of the areas of the film and the su bstrate. 

Quadratic function of depth weight factor 

If the function of depth weight factor is chosen quadratically: 

(x < b) 
(x 2 b) 

(2.34) 

(2.35) 

Burnett and Page epressed the composite hardness as a weighed mean of 
the film and substrate hardness [Bur84]: 

(2.36) 

Wh ere VJ and V8 are deforming volumes in the film and su bstrate, respec
tively. He, Li and Li describe these deforming volumes using spherical cavity 
analysis [He96]. There is a hemispherical zone around a Vickers indentation. 
Generally, the plastic zone radii in the film and substrate are different. Given 
a rigid interface, the plastic zone should adjust into a hemiellipsoid with 
semiaxes of T'j and r 8 (see also tigure 2.11). He, Li and Li state that in that 
case 2.36 changes to [He96]: 

[ 
3 t 1 t

3
] H =H + ----- (HJ-H) 

c s 2r s D 2r~ D 3 8 (2.37) 

So that 2.35 actually is a "volume law of mixtures". 

New model 

Here an attempt is made to separate the contribution from supporting area 
effects (linear term) and deforming volume effects ( quadratic term). A func
tion of depth weight factor is proposed: 

(x) = { ax
2 + ;3x + 1 (x < b) 

p Ü (.T2b) (2.38) 
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Figure 2.11: Deformation volumes morphology for a hard film on a soft substrate 
{He96}. 

From the condition limx-+b p( x) = 0 follows 1 and the resulting function of 
depth weight factor becomes: 

(2.39) 

Using the normalizing condition (2.31), j3 can be expressed in terms of a 

and so the final function of depth weight factor is written as: 

(2.40) 

Carrying out the integration as before: 

(2.41) 

Setting a = 0 yields equation (2.33), as expected. Fitting the measured 
composite hardnesses by different indentation depths to a function of the 
farm: 

(2.42) 
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Leaves the following array of equations to be solved to obtain the film hard
ness Hf, 

The salution for Hf is: 

3QR =t= 2QJR2 - 3SQ 
s 

(2.43) 

(2.44) 

From the equations (2.43) two other important parameterscan be calculated, 
namely a and b: 

(2.45) 

Todetermine the signs in the equations (2.44) - (2.45) two more restrictions 
on the function of depth weight factor are imposed. 

First: the parameter a is negative forcing the parabola to be 'upside-down' 
(see also figure 2.10). Second: the top of the parabola is required to lie in 
the -x-plane. The x-coordinate of the top is given by: x = ;~. Because of 
the farm of the parabola a < 0, so the second restrietion is ;3 < 0. In figure 
2.12 a sign analysis is made of the parameters (3, Q, R, S (see eq.(2.43)) for 
Hf > H s an d a < 0. 

From figure 2.12 it follows that to get a< 0 and (3 < 0, the parameters S, 
R and Q should be taken: S < 0, R < 0 and Q > 0. With these constraints 
it turns out that the ± in equation (2.45) for b has to be replaced by a -
to force the distance to be a positive number. So the complete salution for 
a su bstrate with a harder film on it is: 

(2.46) 

In a similar way it can be shown that the signs just change for a film that 
is softer than the su bstrate. 
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Figure 2.12: Sign analysis of the parameters (3, Q, R, S in the case H.r > Hs and 
CY < Ü. 

2.6 Nano indentation technique 

Nano indentation is especially developed to measure properties of materials 
on a submicron scale. A small enough indentation may be the salution to the 
problem discussed earlier; su bstrate in ft uence on the hardness measurements 
of the film. In nano indentation a Berkovich indentor is used rather than a 
Vickers indenter. The Berkovich is again a diamond piramyd but this time 
with a triangular shaped base. However, the area-indentation depth rela
tion is preserved. This makes a comparison between Vickers and Berkovich 
indentations possible. A nano indentation experiment is conducted in the 
following way. The indentor is held still at a certain position while the sam
ple moves toward the indentor. As of touching the surface of the sample, 
the position of the sample and the force needeel to keep the indenter at the 
same position are monitored. When the preset value of the force is reached, 
the movement is reversed and the indenter moves in an outward direction. 
This results in a laad-displacement curve at the end of the experiment (see 
figure 2.13). From laad-displacement curves the hardness and elasticity can 
be determined. First a reducecl modulus is defined: 
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Figure 2.13: Laad-displacement curve for a typ i cal nano indentation experiment. h 1 
is the final indentation depth, hmax is the indentation depth at maximum load and he 

is the contact depth for geometrie constant E =1 ( depends on indenter shape). 
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With E and v are Young's modulus and Poisson's ratio for the specimen 
and the subscript i refers to the same quantities but for the indenter. The 
stiffness 2.:: = ~{ is measured from the graph, more precisely the upper part 
of the unloading data. So 

(2.48) 

with A the projected area of the elastic contact. Oliver and Pharr present a 
methad of analysis which uses the tata! displacement h as: 

(2.49) 

With he the vertical distance along which contact is made (also contact 
depth) and hs the displacement ofthe surface at the perimeter ofthe contact. 
For the analysis Oliver and Pharr write (2.48) as: 

(2.50) 

Given that the indenter does nat deform significantly during the experiment, 
the area function F( h) relates the cross sectio na! area of the indenter to the 
distance from its tip h. The projected contact area is calculated via: 

The contact depth follows directly from equation (2.49): 

he= hmax- hs 

hs depends on the indenter geometry via a constant factor E [Oli92]: 

h _ Pmax 
8 -E~ 

(2.51) 

(2.52) 

(2.53) 

E varies between E= 0.72 fora conical indenter and E=l fora fiat punch in
denter. The nano hardness, Hnano (which differs from the Vickers hardness) 
can be calculated: 

(2.54) 
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Sample production and 
hardness measurements 

3.1 Sputtered materials 

3.1.1 Substrates 

The used stainless steel substrates are of two different types, 
the A-type series consisting of: 
C 0.03%, Si 0.5%, Mn 1.4%, Cr 18.5%, Ni 9.5%, DIN:X2 Cr Ni 1911 
the H-type series consisting of: 
C 0.03%, Si 0.5%, Mn 1.4%, Cr 17.0%, Ni 11.5%, Mo 2.2%, DIN:X2 Cr Ni 
Mo 17132 
The exact composition of the capper substrates is nat known. The used 
substrates of steel and capper were polished befare film deposition in the 
following manner. First, wet grinding with #400 sandpaper untill visual ir
regularities were removed. Wet grinding with #600 sandpaper in perpendi
calar momevents. Wet grinding with #800 sandpaper. Finish with Buehler 
Micropolish C ( 1ttm a-Al) on Buehler Microcloth untill a reflecting sur
face without visible scratches was achieved. The glass substrates that were 
used, were microscope objectives made of float glass. U pon insertion in the 
sputtering chamber, the remaining fats were removed using ethanol and the 
substrates were blow dried with hot air to remave most of the remaining 
water and other volatile substances. 

3.1.2 Targets 

For deposition of the Ti-TiN bicomponent layers and TiN layers a Ti target 
was used with a diameter of 100 mm and a purity of 99.9%. The TiC and 
TiCN layers were deposited using a compound target of Ti and C. A carbon 
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Figure 3.1: Schematic drawing of the different componentsof which the used sputter
ing equipment consists [Ta/97}. 

disc with a diameter of 10 mm is mounted in the middle of a Ti disc with a 
diameter of 35 mm. The surface ratio Ac/ A Ti being 8.9 %. 

3.2 Sputtering of hard Ti-based films 

Schematically the used sputter equipment is as is depicted in figure 3.1. Two 
vacuum pumps are used to evacuate the sputter chamber. For pre-vacuum 
a mechanica! pump (Leybold TriVAC D16B) is used and when the work
ing area of the turbo molecular pump (Leybold Turbo VAC 151) is reached, 
the latter is used to reach pressures as low as 4 · 10-6 mbar. The target is 
mounted to the top of the vacuum chamber with a cooling reservoir behind 
it. A constant flow of cooling water is applied to prevent excessive heating of 
the target. A shielding is placed around the target to diminisch rim effects 
as described by [Gra90]. Using magnets the slllitter can be moved hence 
covering the substrate during pre-sputtering and exposing it during sput
ter deposition. A voltage can be applied to a graphite or tungsten heater 
mounted near the substrate to heat it if desired. A high voltage power sup
ply is connected to the target and the base of the chamber to produce the 
electric field needed fora glow-discharge. Argon and, for reactive sputtering, 
nitrogen can be let into the chamber using precision valves. The pressures 
in the chamber befare sputtering and during the sputter process are mea-
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Table 3.1: Sputter parameters for the different films 

coating material target PNz (mbar) PAr+Nz (mbar) temperature (0 C) 
Ti Ti - 5. 10-3 500 

TiN Ti 0.5. 10-3 5.5. 10-3 500 
TiC TiC - 4. 10-2 600 

TiCN TiC 6. 10-4 4. 10-2 600 

sured using two vacuum meters. A Leybold Thermovac TM20 for pressures 
of 1 · 10-3 mbar and up and a Leybold Penningvac PM31 with a range from 
10-9 to 10-2 mbar. 

A typical sputtering process consists of the following procedures: 

1. Evacuation of the sputtering chamber until the the vacuum needed for 
the glow discharge is achieved ( typically 3 · 10-5 mbar). 

2. Pre-sputtering (argon pressure for example 4 · 10-2 mbar) in order to 
get rid of the target contaminations. 

3. Further evacuation with end pressures of 0.5 - 2 · 10-5 mbar. 

4. Heating of the substrate to clean the substrate and other equipment 
components under vacuum conditions. 

5. Sputtering of the desired coating on the (heated) substrate. 

6. Cooling down under vacuum conditions 

The adhesion of TiN films to stainless steel substrates has an optimum at 
500°C [Hel86]. The substrates covered with TiC and TiCN were also heated 
to a temperature of 500- 600°C. An overview of the sputtering parameters 
used for the different coating materials is given in table 3.1. 

3.3 Plasma beam deposition of a-C:H 

The a-C:H layers were deposited at the Eindhoven University of Technology 
using the DEPOl setup [Gie96]. The substrates of silicon and glass were 
cleaned following standard procedures [Kle95]. Two series of substrates were 
coated. The first (denoted Kh) is a reproduetion experiment of different 
acetylene flows and constant are current. The second series (DEPO*) was 
produced with a varying are current and varying acetylene flows, keeping 
the depletion constant, resulting in films grown at different rates. 
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Table 3.2: IR-spectroscopy measured film thickness d1 R. refractive index niR and 
growth rates Vgrow for the samples from the reproduetion series. Kl G* denotes glass 
substrates. KIS* silicon for several flows. 

sample CzHz (sccjs) niR dm (J-Lm) Vgrow (nmjs) 
K1GF2 2 0.64 ± 0.01 10.7 ± 0.2 
K1GF4 4 0.85 ± 0.01 14.2 ± 0.2 
K1GF6 6 1.02 ± 0.01 17.0 ± 0.2 
K1GF8 8 1.19 ± 0.01 19.8 ± 0.2 
KlGFlO 10 1.28 ± 0.01 21.3 ± 0.2 
K1GF14 14 1.45 ± 0.01 24.2 ± 0.2 
K1SF2 2 
K1SF4 4 1.8 ± 0.3 0.9 ± 0.1 15 ± 2 
K1SF6 6 1.82 ± 0.01 1.16 ± 0.01 19.3 ± 0.2 
K1SF8 8 2.11 ± 0.01 1.14 ± 0.01 19.0 ± 0.2 
KlSFlO 10 1.9 ± 0.8 1.4 ± 0.6 23 ± 10 
K1SF14 14 2.12 ± 0.01 1.33 ± 0.01 22.2 ± 0.2 

3.3.1 Reproduetion series 

The Kl-series were deposited with the following deposition parameters: 
Distance arc-substrate = 65 cm. 
Substrate temperature = 50 oe. 
Argon flow = 100 scc/s. 
Are current = 48 A. 
Deposition time = 1 minute. 

The different samples will be refered to as: KlSF# for silicon substrates 
and KlGF# for glass substrates. The F# part denotes the acetylene 
flow in sccjs. The thickness and refractive index were measured using IR
spectroscopy [Kle95]. See table 3.2. 

3.3.2 Depletion series 

The second series tlnt were deposited, were aimed on keeping the depletion 
constant. Depletion is defined as [VHe98]: 

Xojf- Xon 
Depletion = _:...::X",----

off 
(3.1) 

where X of 1 and X on are the amounts of C2H2 with plasma off and plasma 
on conditions respectively. The following parameters were experimentally 
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Table 3.3: Are currents used to keep the depletion constant at a value of 60%. The 
thickness and refractive index were measured by IR-spectroscopy. 

sample C2H2 (scc/s) n1R diR (JLm) Vgrow (nm/s) larc (A) 
DEPOG2 2 1.85 ± 0.01 0.47 ± 0.01 7.8 ± 0.2 
DEPOG4 4 1.63 ± 0.01 1.07 ± 0.01 17.8±0.2 
DEPOG6 6 1.86 ± 0.01 0.86 ± 0.01 14.3 ± 0.2 
DEPOG8 8 
DEPOGlO 10 1.89 ± 0.01 1.24 ± 0.01 20.7 ± 0.2 
DEPOG12B 12 
DEPOS2 2 1.9 ± 0.2 0.47 ± 0.05 7.8 ± 0.8 
DEPOS4 4 1.9 ± 0.6 0.7 ± 0.2 12 ± 3 
DEPOS6 6 1.8 ± 0.3 1.0 ± 0.2 16 ± 3 
DEPOSS 8 1.85 ± 0.4 1.2 ± 0.3 20 ± 5 
DEPOSlO 10 1.9 ± 0.3 1.4 ± 0.2 23 ± 3 
DEPOS12 12 1.9 ± 0.1 1.5 ± 0.1 25 ± 2 

established to maintain a constant depletion. The amount of C2H2 was mea
sured using mass speetrometry [VHe98]. 
Distance arc-substrate = 65 cm. 
Substrate temperature = 50 oe. 
Argon flow = 100 sccjs. 
Deposition time = 1 minute. 
Depletion = 60 % 
See table 3.3 for the needed are currents to maintain a constant depletion 
at different C2H2 flows. 

3.4 Coating ad herenee 

The coating adherence is a property of dominant practical concern. Adher
ence can be defined as the ability of the film-interface-substrate system to 
resist without failure under service conditions and without degradation in 
time [Rod97]. From physical point of view, the adhesion depends critically 
on: 

1. Atomie bonding mechanisms at the film-substrate interface 

2. Film microstructure 

3. Film stress conditions 

4. Existence of long term degradation processes due to film impurities or 
defects 
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3.4.1 Bonding mechanisms at the interface 

The interface formation depends on the degree of surface contamination of 
the substrate, on the substrate surface roughness, on the chemica! reactiv
ity and diffusivity between the substrate and the depositing atoms and on 
the nucleation mode of the depositing atoms. All these variables can be 
controlled to some extent to promate a better adhesion. In the first place, 
surface contaminants can reduce the bonding farces (Van der Waals and 
chemica! bonding) between the film and substrate atoms, thus reducing the 
film adhesion. Second, a rough substrate surface wil! promate a mechanica! 
interlocking of the substrate and coating materials, leading to an increased 
adhesion. A rough surface, however, may lead to porosity in the film due to 
geometrical shadowing effects in the atom deposition process and this may 
degrade the film adhesion due to stress concentration defects at the inter
face and long term degradation problems due to the ditfusion of external 
chemically active elements through the porous film microstructure down to 
the film-substrate interface, which may favor corrosion processes [Mat87]. 
Third, in the absence of important mechanica! interlocking effects, the in
terface charaderistics will depend on the relevanee of the chemica! reactions 
between the film and substrate atoms and on their diffusivity. If none of 
these effects is of importance, an abrupt interface will develop consisting 
of a sharp discontinuity between the two materials. In genera!, this type of 
interface leads to poor adhesion. If, on the other hand, chemica! reactions 
dominate, a compound transition layer will farm on the interface. A com
pound layer can contribute to promate a good adherence. Finally, if bath 
materials have a high solubility, ditfusion effects dominate and a graded 
interface will farm with a gradual change of properties between the two ma
terials. Graded interfaces are ideal to promate good adherence in the case 
of metallic coatings. 

All these types of interfacescan be controlled tosome extent by the process
ing conditions. For instance, in the case of non-reactive and non-diffusing 
materials for coating and substrate, an intermediate bonding layer having 
proper reactivity or solubility properties with the two materials can be de
posited to promate better adhesion. A typical example of this application is 
the deposition of a thin Ti interlayer between a steel substrate and a TiN 
coating, which allows to increase significantly the film adhesion [Bul91]. 

3.4.2 Film microstructure 

The film microstructure depends critically on the substrate surface termi
nation and on the atomistic deposition charaderistics of the coating process 
and, tagether with the internal stresses, controls to a large extent the film 
adhesion and mechanica! properties. Once the film-substrate interface has 
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formed and the film has become a continuous surface, surface irregularities 
and surface mobility of the deposited atoms control the film microstructure 
formation. For rough surfaces and low atom surface mobility, geometrical 
shadowing effects favor the deposition of atoms on the high points of the 
surface, leading to the development of a colurnnar structure of polycrys
talline and small grained material, with weakly bonded columns and voided 
boundaries. In the other extreme, if surface mobility is dominant, a denser 
film structure is obtained with higher grain size and structural perfection, 
favoring better adhesion. The film microstructure can be controlled tosome 
extent through the substrate surface roughness and by enhancing the atomie 
surface mobility through the control ofthe substrate temperature and the ion 
bombardment of the substrate surface during deposition. In general terms, 
ion bombardment of the surface will help to reduce the substrate contami
nant layers prior to the deposition process, help to create a microscopically 
rough surface, help to produce a denser film structure by increasing the 
atom surface mobility as well as by improving the surface coverage during 
the initia! phases of the film nucleation [Mat81). 

3.4.3 Film stress conditions 

The coatings produced by plasma deposition techniques are usually under a 
stress condition which affects their adhesion to the substrate. The stresses 
affecting the coating may be of intrinsic nature (induced during the deposi
tion process) and extrinsic nature (substrate-coating thermal expansion mis
match). The intrinsic stresses depend on a number of processing parameters, 
such as film deposition rate, angle of incidence of the arriving atoms, depo
sition temperature, gas impurities and ion bombardment defects, amongst 
others [Mat87). In gener al, stress increases with film thickness and this sets a 
practicallimit to the maximum thickness of the coating. In [Ohr92) thermal 
stress in a film due to the thermal expansion coefficient mismatch is given 
as: 

(3.2) 

With a 1 the thermal stress in the film, Cts and a 1 the linear expansion 
coefficient of the substrate and of the film, respectively. 6.T the temperature 
difference, Ej the Young's modulus of the film material and IJj the Poisson 
ratio (measure of lateral contraction; Ey = -TJEx, with E the strain) of the 
film. For the example of a TiC layer on a steel substrate the thermal stress 
in the film can be estimated using: 
G'steel = 11 · 10-6 K- 1 

ÜTiC = 8. 10-6 K-1 
ETiC = 4.5 · 105 Njmm 2 
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Vj = 0.19 
~T = 600 oe 
The compressive stress (o:steel > O:Tic) at 0°C, calculated for TiC, using 3.2 
wil! be: aric(O) = 1.00 · 103 N/mm2

. 

3.4.4 Long term effects 

Finally, the adhesion may change with time after production of the coating, 
improving or becoming worst depending on the coating properties. Bath ef
fects seem to be associated to the migration of reactive chemica! elements 
existing in the coating or external to the film, to the substrate-coating inter
face. If the reactions that take place at the interface lead to the formation 
of a transition compound or to a stress relief, adhesion may improve. On 
the other hand, if the migrating chemieals lead to interface corrosion or to 
any other processes resulting in a degradation of the interface conditions, 
the adhesion becomes worse. In particular, the existence of porosity in the 
film is closely associated to this last process. 

3.5 Vickers hardness measurements 

The Vickers hardness measurements were performed with a Buehler Mi
cromet 2101, able of applying loads of 1, 5, 10, 50, 100, 300, 500 and 2000 
grams to the indenter. The loads were applied with a dweil time (the time 
the indenter is on the specimen 's surface) of 15 seconds. The Vickers hard
ness measurements were repeated up to 10 times to increase the accuracy 
of the measurements. To average a possible difference in film composition 
crossing the surface, the measurements were clone as depicted in figure 3.2. 
The indentation diagonals ( one horizontal and one vertical) were measured 
using a 400 x measuring microscope mounted on the micro hardness tester 
with which the indentation diagonals can be measured with an accuracy of 
0.5 fLID. Because of compression stress in and around an impression, any new 
impression made near another may cause inaccurate results. The required 
separation distance between impressions is four times that of the diagonal 
when measuring from indentation center to indentation center. lt is also 
necessary to position the impression at least 2 . .5 times the diagonal from 
the edge of the sample [Bue96]. The extra Vickers hardness measurements 
performed on thc Eindhoven University of Technology on a-C:H were clone 
with a Leitz miniload. 
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Figure 3.2: lndentation placements using the microhardness tester. In the upper part 
of the drawing the spacing of the indentations from the edge and each other is depicted. 
The microscope view shows the 400 x enlarged view with the measuring /i nes of the 
microscope. At the bottorn the indentation configuration used to average for surface 
composition differences is shown. 
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3.6 Nano indentation 

N ano indentation measurements were clone at the Labaratory of Solid State 
and Materials Chemistry of the Eindhoven University of Technology. The 
experiment is controlled by a computer which also collects the data. A nano 
indentation measurement consists basically of (see also tigure 3.3 for an 
schematic representation of the variables mentioned below): 

1. Mounting the sample on the sample holder with wax or glue. 

2. After that the equipment is left alone for approximately 30 minutes to 
diminish thermal drift. 

3. The sample moves to the indenter's surface, 'searching for contact' to 
calibrate the capacitively measured displacement sensors. 

4. When the indenter has touched the surface, the latter will move back 
( with an amount of pullback) and move the sample for a distance 
controlled by computer setting move after touch. 

5. At this point the indentation measurement starts. The sample is ap
proaching the indenter with a speed controlled by speed min and u pon 
touching the indenter slowed down to a speed controlled by speed max. 

6. During the indentation measurement the displacement and force are 
contineously registered. 

7. Wh en the force needed to keep the indenter at the same place reaches 
a preset value, the sample will move away from the indenter again. 

8. The sample is translated a distance XYdelta and a new measurement 
can start with searching for contact. 

The settings used to perform hardness measurements on the a-C:H layers, 
were: 
XYdelta = 100 p,m 
move after touch = .50 p,m 
pullback = 5000 counts (1 count = 0.4 nm) 
speed min= 500 (real speed= OA*10000/speed min nm/s) 
speed max = 1000 
The load frame compliance is Cj = 3 · 10-4 mN/JLm 
The used loads were: 5. 20, 80, 1.50 and 250 mN. 
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XV delta .......................................................................................... 

move after touch ................................................... 

fpullback speed min 

Figure 3.3: Schematic representation of the several computer controlled distances and 
speeds involved with nano indentation. In the experiment the sample moves to the 
indenter but for reasans of clarity the drawing is made from the sample 's point of view, 
i.e. as if the indenter moves to the surface. 
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Chapter 4 

Results 

In this chapter the results are described as measured on the different sub
strates with the coatings. First an overview will be given of the various 
produded coatings on the different types of substrates in section 4.1. In 
section 4.2 the ISE behaviour of the substrates is investigated and related 
to two different models. In section 4.3 the differences of measuring hard
ness with scanning electron microscopy (SEM) on one side, and an optica! 
measuring microscope on the other side, are shown. Section 4.4 shows the 
effects of coating the different substrates with different coating materials on 
the composite hardness measured with the optica! measuring microscope. In 
section 4.5 an attempt is made to extract the film hardness from the com
posite hardness using two models, the Jönsson & Rogmark model and the 
new model described by a quadratic function of depth weight factor. The 
last section is devoted to the production of glass and silicon coated with 
a-C :H and the hardness measurements on these samples. 

4.1 Sputtering of the coating materials to the sub
strates 

Several substrates of steel, copper, glass and si licon were covered with the 
described coating materials. The vacuum of the equipment befare sputtering 
was improved by a factor 2 resulting in less contaminated samples. The 
following groups of samples were sputtered: 

• A-Type stainless steel was covered with TiN with an intermediate layer 
of Ti needed to imprave adherence and prevent spontaneous peeling of 
the film after depositing. Two types of heaters were used; a graphite 
heater and a tungsten heater. The assumption that the carbon contam
ination using the tungsten instead of the graphite heater is decreased, 
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Figure 4.1: SEM picture of a 180 minutes TiCN film on stainless steel (H2-0705). The 
grains are about 0.5 J.Lm in diameter. 

46 

has to be checked with an analysis technique capable of determining 
accurately the film composition (for example X-ray Diffraction spec
troscopy). The produced coatingscan be checked for hardness but a 
model can nat be applied because of the bicomponent film instead of 
a layer of one type of materiaL 

• H-Type stainless steel was covered with TiC and TiCN. The coatings 
are checked for hardness but are also used to provide data for test
ing of the two rnadeis described elsewhere. Figure 4.1 shows a SEM 
photograph of a steel sampled covered with TiCN. The grains are 
clearly visible and have a diameter of about 0.5 J.Lm. An EDS (Energy 
Dispersive Spectroscopy) analysis of the sample yielded the spectrum 
in figure 4.2 conesponding with a composition of 16,76 Wt% nitro
genjcarbon (the differences between carbon and nitrogen can nat be 
dissolved), 81,89 Wt% titanium and 1.35 Wt% iron (from the stainless 
steel su bstrate). 

• Capper was coated with TiN, TiC and TiCN. These samples arealso 
used to apply to the different models. 

• Glass was covered with Ti/TiN bicomponent films. The coated sub
strates could be checked for differences in hardness but applying a 
model was again impossible. Attempts to cover glass with TiC and 
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Figure 4.2: EOS (Energy Dispersive Spectroscopy) spectrum of stainless steel with 180 
minutes of TiCN (H2-0705). The difference between carbon and nitrogen can not be 
dissolved in this setup. 

TiCN failed because the higher substrate temperature caused the glass 
to melt. 

• To try to apply the models to another substrate than either steel or 
copper, attempts were made to cover silicon with TiC and TiCN. Dur
ing examination with an optica! microscope it turned out that the 
surface was too rough to determine the indentation diagonals. 

4.2 Indentation size effect behaviour 

The indentation size effect is, as said before, the phenomenon that the mea
sured hardness increases with decreasing loads. In tigure 4.3 the hardness 
against applied load is plotted for an uncoated copper su bstrate. 

4.2.1 Description via Meyer's law 

Meyer's law, originally developed for hall iudenters but also applied to Vick
ers indentations, involves a correction of the applied load: 

Adn (1)2-n 
L = Adn and H = 2 cos 22° --;[2 = 2 cos 22° A d (4.1) 

With L the applied load (in kgf), d the indentation diagorral (in mm), H the 
Vickers hardness (in kgf/mm 2

) and n and A fit parameters. The results for 
the fit depicted in tigure 4.4, are ( copper): 
A= 47 ± 3 kgf 
n=1,89±0,02 
The closer the value of n to 2, the smaller the indentation size effect. The 
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Figure 4.3: lndentation size effect observed on an uncoated copper substrate. The 
measured hardness (•) increases with decreasing load. Also plotted the correction of 

lost & Bigot (o ). 
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parameter copper steel steel glass 
C0501U H1905U A1311U V1302U 

A 47± 3 50± 7 94± 7 198 ± 17 
n 1.89 ± 0.02 1.66 ± 0.04 1.85 ± 0.03 1.90 ± 0.02 
Ho (kgf /mm2

) 108 ± 3 206 ± 12 238 ± 8 489 ± 11 
B (kgf/mm) 0.5 ± 0.1 1.8 ± 0.2 1.1 ± 0.2 1.0 ± 0.2 
B/Ho (f-lm) 5±1 9±2 5±1 2.0 ± 0.5 

Table 4.1: Meyer's law parameters and lost & Bigot correction parameters for four 
different substrates that were used. 

value of Meyer's index for copper of n = 1.89 ± 0.02 indicates a small inden
tation size effect behaviour of the substrate. 

4.2.2 lost & Bigot correction 

The method of lost & Bigot [Ios96] involves a proportional resistence model 
to get for the Vickers hardness: 

0 ( a1) B H = 2 cos 22 a2 + d = Ho + d (4.2) 

and apply the fitting parameters H0 and B to correct the indentation diag
onal: 

d2 = d2 + !}_d 
cor H 

0 

Th is yields for copper ( see also tigure 4.4): 
Ho= 108 ± 3 kgf/mm2 

B = 0.5 ± 0.1 kgf/mm 
B/Ho = (5± 1) ·10-3 mm 

(4.3) 

The resulting hardness when applying this corrected diagorral (eq. (4.3)) 
instead of the measured diagorral leads to the corrected graph depicted in 
tigure 4.3. The corrected values show the independency of the Vickers hard
ness of the applied load. 

The results for the different substrates that were used are depicted in table 
4.1. 

Note that these descriptions and corrections are only valid for uncoated 
substrates. When a coated sample is measured, no distinction can be made 
between effects due to ISE and effects due to the coating of the substrate. 
To investigate the ISE of the substrate-film combination one should measure 
the ISE of the bulk TiN, TiC, TiCN (or in general the coating material). 
Though nothing is known about the ISE of the used coating materials, in the 
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Figure 4.4: Hardness against 1/ d for a copper substrate. A lso depicted; Meyer's law 
( dashed) and the method of lostand Bigot to correct for the indentation diagonal (-). 
The corrected hardness is independent of the indentation size (and thus load). 
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Figure 4.5: SEM pictures of a 500 grams (left, lOOOx) and a 1 gram indentation 
(5000 x ) on substrate Hl-1105 (stainless steel) with a 2 hours coating of TiCN. 

following sections the indentation size effect is neglected on t he basis of the 
little ISE behaviour of the investigated glass, capper and steel substrates. 

4.3 Hardness measurements with SEM and opti
ca! measuring microscope 

Because the diagonals of indentations made with very smal! loads are in 
the order of micrometers, the optica! measuring microscope yields very in
accurate results (errors up to 100%). To imprave resolution on the smaller 
indentation diagonals some photographs were taken using Scanning Electron 
Microscopy (SEM). 

In figure 4.5 two SEM photographs are printed of indentations made with a 
load of 500 grams (left 1000 x ) and 1 gram ( right 5000 x ) on a steel su bstrate 
(H1-1105) with a 2 hours coating of TiCN. 

Table 4.2 and figure 4.6 contain a comparison of the diagonals (and thus 
hardnesses) measured using SEM and using the optica! measuring micro
scope. It turns out that the measurements with optica! and electron micro
scope are not exchangeable. Measuring indentation diagonals with the SEM 
is a very time consuming procedure and only yields somewhat better results 
because of the limited focus of the pictures. Because the high dependency of 
the Vickers hardness on the indentation diagonal (d appears squared in the 
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Figure 4.6: Vickers hardness measurements using an optica/ measuring microscope and 
Scanning Electron Microscopy. 

SEM 
laad (gf) dhor (f.Lm) dver (f.Lm) He( kgf /mm2

) 

.soo 41.7 55.0 396 
10 7.1 8.7 297 

·) 4.8 7.6 241 
1 2.0 2.4 383 

OPT 
laad (gf) dhor (f.Lm) dver (f.Lm) Hc(kgf /mm2

) 

.s oo 63.6 65.3 223 
10 6.4 6.5 446 

.) 3.9 4.3 552 
1 1.3 1.2 1532 

Table 4.2: Results of measuring indentation diagonals with SEM and with an optica/ 
measuring microscope. He is the composite hardness. The sample under investigation 
was H-type stainless steel with 2 hours of TiCN coating (Hl-1105) . 
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denominater) in the 1-2 J.tm region, these measurements will not be used. 
For indentations with an indentation diagorral larger than 4 J.Lm the optica! 
microscope is suitable. In this report all measurements of indentation diago
nals are performed with an optica! microscope unless explicitely mentioned 
otherwise. 

4.4 Hardness measurements on thin coatings 

One of the goals of the project was to produce hard coatings of TiN, TiC 
and TiCNon different substrates of steel, copper, glass and silicon. To check 
if these coatings were really harder than the substrates, Vickers hardness 
measurements were performed on the samples. In the next three sections 
the results for three types of coatings are described. 

4.4.1 Comparison of coated and uncoated indentations 

One first, qualitative, way of determining the increase of the hardness due 
to the sputtered layer, would be camparing indentations made with the 
same load on both coated and uncoated sam pies. In tigure 4. 7 three loads 
are compared for three different samples. An uncoated steel substrate, 120 
minutes of TiCN and 180 minutes of TiCN on steel were indented with 
loads of 300, 10 and 5 grams. From the SEM pictures it is clear that the 
indentations on the coated substrates are smaller than the diagonals of the 
indentation on the uncoated sample. The coated substrates have a higher 
hardness than the uncoated substrates. 

4.4.2 Hardness measurements of TiN coatings 

Depositing TiN directly on a substrate often leads to peeling of the deposited 
film after sputtering. Mechanica! stresses in the interface region of substrate 
and coating prevent a good adherence of the film and substrate. For TiN it 
is known [Ohr92] that a thin layer of pure Ti between the TiN and substrate 
increases the adherence substantially. Several films were produced, consisting 
of 1 hour of Ti coating and on top of that various thicknesses of TiN. These 
coatings were deposited at substrate temperatures of 500°C. The substrates 
used were all stainless steel substrates of the A-series. In tigure 4.8 the results 
of the hardness measurements are plotted against the applied indenting load. 

Attempts were made to also coat capper substrates with TiN but these 
su bstrates were not homogeneously covered with the coating mate rial. The 
different geometry of the capper substrates might have been a cause totem
perature differences and thus inhamogeneaus growth of Ti and TiN layers . 

.53 



CHA PTER 4. Results 

Figure 4.7: lndentations ofvarious loads (300, 10 and 5 grams) on an uncoated steel 
substrate, 120 minutes TiCN coated steel and 180 minutes TiCN coated steel. The 
indentations for the same load on the different substrates, show a difference between 
the uncoated and the coated specimens, indicating an increase in hardness . 

.54 



2000 

1800 

~ 1600 

:ê 1400 
O'l 

:::.. 1200 

J 
en en 
Q) 1000 
c 
"0 .... 800 CIS 
..c 
en 600 .... 
Q) 
~ 400 :Lt u 
> 200 

0 

I 
I 
~ 

10 

~ '!: 

100 

CHAPTER 4. Results 

t:.. A 1311 U uncoated steel 

o A0711!Tï!TïN-60/80 minutes 

• A 1011 !Tï!TïN-60/180 minutes 

* * • 
1000 

applied load (gf) 

Figure 4.8: Hardness measurements on Ti/TiN coated steel samples. Depicted are two 
samples with TiN coating times of 180 (•) and 80 (o) minutes. In both cases there is a 
60 minutes Ti layer to improve coating adherence. Both samples show micro hardnesses 
which surpass the hardness of the uncoated steel ( 6). 
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Figure 4.9: Vickers hardness for different applied indenter loads for 120 minutes TiN 

covered glass (•) and an uncoated glass substrate (o ). 

Also glass su bstrates we re covered with TiN. In this case no adherence im
proving Ti was necessary and figure 4.9 shows an example. 

4.4.3 Hardness measurements of TiC coatings 

Using a target composed of two concentric massive cylinders of C and Ti, 
TiC can be deposited. At a substrate temperature of about 600°C bath 
stainless steel (H-series) and capper were covered. The Vickers hardness 
measurements of substrates covered with TiC of various thicknesses, are 
plotted in figure 4.10. The two samples that were coated with 120 minutes 
of TiC sputtering, were in the sputter chamber at the same moment. From 
this it can be seen that the composition of the films, where micro hardness 
testing is concerned, is the same. The 30 minutes TiC coated sample shows 
clearly lower values of Vickers hardness for small loads. Note that in figure 
4.10 the curves for uncoated steel are omitted. The measurements available 
showed a harder uncoated material than coated materiaL The measurements 
of the uncoated H-type stainless steel are probably incorrect due to changes 
in the microhardness tester setup . 
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L>. H2505fTiC-30 minutes 
• H1-0805fTiC-120 minutes 
o H2-0805/TiC-120 minutes 

i i I 

100 1000 

applied load (gf) 

Figure 4.10: Vickers hardness against applied load for three different TiC coated steel 
substrates. The two samples with 120 minutes TiC coating (o and •) were sputtered 
at the same time. The sample with the 30 minutes TiC coating ( 6.) shows lower 
microhardnesses. 
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Figure 4.11: SEM photograph of a steel substrate with 3 hours of TiCN coating (H2-
0705). From the grains in the indent it can be concluded that the film deformes plas
tically in the indent. 

4.4.4 Hardness measurements of TiCN coatings 

Adding a reactive gas to the glow discharge plasma results in reactive sput
tering. Nitrogen was added to obtain, tagether with the TiC target, TiCN 
coatings on capper and steel (H-series) substrates. 1.5% Nitrogen was added, 
resulting in a total pressure of argon and nitrogen of 4.0 · 10- 2 mbar. In fig
ure 4.11 an indentation of a steel substrate with 3 hours of TiCN layer 
is photograped using SEM. The film is deformed plastically in the indent 
judging by the different grain structure. Results for TiCN coatings on steel 
(H-series) are similar to for example figure 4.10. showing an increase in 
hardness with increasing sputtering times. VariüllS T iCN coatings on cap
per, however, did not result in different hardnesses for different sputtering 
times. Again, the uncoated material seems harder than the uncoated mate
rial indicating a problem with the measurement of the uncoated specimens. 
Figure 4.12 shows the results. 
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• C1405fTiCN-30 minutes 
o C2005fTiCN-120 minutes 

100 

applied load (gf) 

Figure 4.12: Hardness measurements on 30 minutes TiCN coated copper (•) and 120 
minutesof TiCNon copper (o ). 

4.5 Separating film hardness from the composite 
hardness 

For surface coatings, hardnessis usually an important mechanica! character
istic. Due to the small thickness, however, the measured hardness is usually 
influenced by the substrate. One salution would be lowering the test laad of 
the Vickers indentation. In this case the indentation size effect becomes very 
large and will disturb a correct estimation of the film hardness. Another 
possibility is to separate the film hardness from the measurements of the 
composite hardness. Through the years several rnadeis have been proposed 
and in this section two rnadeis are compared. The first is the geometrically 
based model of Jönsson & Rogmark which separates the contribution of the 
two materials according to the ratio of their projected supporting indenta
tion surfaces. Second, a model was developed based on a quadratic function 
of depth weight factor. 

4.5.1 Jönsson & Rogmark model 

Jönsson and Rogmark proposed a model [.Jön84] that separates the film 
hardness from the composite hardness according to the ratio of the support-
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Figure 4.13: Composite hardness against reciprocal indentation depth of a steel 
(A2111) substrate covered with 240 minutes sputtering of TiN. The dashed lines indi
cate the 95% confidence intervals for the weighed fit parameters. 

ing surfaces (eq. 2.28). Thus fitting the composite hardness curves to an 

equation of the form: 

Helps calculating the film hardness via: 

- Q2 
Hf- p- 4R 

b --~ - 4R 

( 4.4) 

(4.5) 

To preserve a physical meaning of b, the constraints for the fit parameters 
are: Q > 0 and R < 0. In this model b should be a constant b = . 2

1
220 = sm 

7.126. Sirree the thickness of the samples used is unknown, this relation 
will be used to calculate the layer thickness. In figure 4.13 an example is 
shown of a weighed fit on a measurement of composite hardnesses against 
the reciprocal indentation depth 1/ D. The fitting parameters P, Q and R 
were: 
P = Hs = 215 ± 8 kgf jmm2 

Q = 0.39 ± 0.08 kgf jmm 
R = (-3±3) ·10-5 kgf 
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sample Hf Hs t(11m) Vgrow(f.Lm/hour) 
A2111/TiN-240 1281 215 1.1 0.3 
R2505/TiC-30 535 212 2.2 4.3 
R2605/TiC-70 1191 218 1.8 1.5 
R2705/TiC-98 918 210 2.1 1.3 
R1-0805/TiC-120 853 239 1.9 1.0 
R2-0805/TiC-120 1081 207 1.3 0.7 
C2605 /TiC-70 103 38 6.8 5.9 
C2705/TiC-98 135 38 4.3 2.6 

R1405/TiCN-30 441 221 3.2 6.4 
R1205/TiCN-60 392 205 3.3 3.3 
R1305/TiCN-90 525 206 2.5 1.7 
R2-1105/TiCN-120 719 205 1.7 0.9 
R0405 /TiCN-180 1023 199 1.5 0.5 
R2-0705 /TiCN-180 717 214 2.1 0.7 
R1-2904/TiCN-260 880 231 1.7 0.4 
R2-2904/TiCN-260 777 223 1.8 0.4 
C1405/TiCN-30 63 39 9.2 18 ± 9 
C1205/TiCN-60 68 41 7.5 8±4 
C1305/TiCN-90 69 38 8.1 5±3 
C1905/TiCN-90 67 39 9.5 6±3 
C2005 /TiCN-120 69 39 9.3 5±2 

Table 4.3: Results for H1, film thickness (t) and growth rate {vgrow) for the Jönsson 
and Hogmark model. 

Note the 100% error in parameter R. This is a result of the large errors for 
small indentations. The small indentations, however, are the most important 
ones for calculating R. Due to the weighed fit performed on the data, the 
error in R increases to 100%. For an unweigted fit, the error in R is about 
30%. Calculating the film hardness Hf, leads to: 
HJ = 1281 kgf jmm2 

t = - 2QsZ!J22° = 1.1 11m 
Beware that all these results, because of the 100% error in R, due to the 
weighed fit, also have an error of 100%. In table 4.3 the results are printed of 
various samples that were produced. The 'C' code (followed by four numbers) 
denotes capper substrates coated on the date given by the numbers (ddmm). 
Similarly forA-type steel (A.) and R-type steel (R.). 

The use of the Jönsson and Rogmark model on the specimens measured, 
does not yield an accurate procedure to determine the film thickness. The 
variation in growth speed indicates that the Jönsson and Rogmark model 
can not be applied to the hardness curves that were measured. Obviously 
there is some effect that makes the thin layers 'look' very thick. The best 
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results are achieved by the copper substrates. Because of the lower substrate 
hardness the 1 g f indenations have diagonals of 4 - 5 J1m, enough to be 
accurately measured by the optica! measuring microscope hence increasing 
the number of points and increasing the estimation of the fit parameters. 

4.5.2 New model 

Here an attempt is made to separate the area contribution (the linear term) 
from the deforming volumes contribution (the quadratic term) following 
eq.(2.41). This equation can be fitted to: 

Q R S 
He = p + D + D2 + D3 (4.6) 

The equations (2.46) prescribe how the film hardness and other parameters 
can be calculated. Since the thickness of the layers is not known, in the above 
equations t can be replaced by TVgrow, the product of sputter time (r) and 
growth speed (vgrow)· The equation of the film hardnessis not influenced by 
this. The results will then be written as: b · Vgrou and o:j v;row. Because of 
the poor accuracy of the parameters R and S the outcome of the fits only 
gives information about an order of magnitude of the parameters b and o:. 
In tigure 4.14 an example is given of a hardness curve fitted to equation 4.6. 
Compare with tigure 4.13 to get an idea of the differences between the new 
approach and the Jönsson and Hogmark model. For the sample from figure 
4.14 the film hardness and the two model parameters will be (assuming 

Vgrow = 1 11m/hour): 

Hf= 409 kgf /mm2 

0: = -0.02 
f3 = -0.6 
b = 1, 8 

~ = 0.03 
Remember that to obtain the real values for o: and b the film thickness is 
needed. 

In table 4.4 the results for all the other specimens are listed. Be aware of 
the fact that the values for b < 1 would mean that for example only the 
material around the first 20 percent of the indentation would contribute to 
the measured composite hardness. The real value for b is obtained when we 
multiply the table value with Vgrou but it is rather unlikely that Vgrow will 
be more than 1 - 2 fl1TI.jhour [Rod9ï] so values of b < 1 would have to be 
accepted. Expected is that the thicker the hard coating, the less effect of 
the substrate would be measured. The modeL in t his form and with these 
accuracies obviously is not applicable to separate film and substrate hardness 
and it is not possible to say something about the model parameters like for 
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Figure 4.14: Fitting of the hardness against the reciprocal indentation depth for a 
steel (A2111) sample coated with 240 minutes sputtering of TiN. The fit indicated 
is a weighed polynomial fit of the order 4 with the dashed lines the 95% confidence 
intervals. 
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sample Hf Hs a (3 a/(3 b 
A2111/TiN-240 409 214 -0.02 -0.6 0.03 1.8 
H2505/TiC-30 261 212 -10 -35 0.3 0,2 
H2605/TiC-70 306 218 -1 -12 0,09 0,4 
H2705/TiC-98 328 210 -0.1 -2.5 0.06 0.9 
H1-0805/TiC-120 347 239 -0.07 -1 0.06 1 
H2-0805/TiC-120 338 207 -0.05 -0.8 0.06 1 
C2605/TiC-70 79 38 -0,5 -4 0.2 0.7 
C2705/TiC-98 85 37 -0.2 -2 0.1 1 

H1405/TiCN-30 268 221 -36 -38 1 0.2 
H1205/TiCN-60 246 205 -2 -10 0.2 0.4 
H1305/TiCN-90 263 206 -1 -4 0.3 0,7 
H2-1105/TiCN-120 290 205 -0.08 -1 0.07 1 
H0405/TiCN-180 337 199 -0.01 -0.4 0.04 2 
H2-0705 /TiCN-180 358 214 -0.01 -0.3 0.05 3 
H1-2904/TiCN-260 357 231 -0.005 -0.2 0.03 3 
H2-2904/TiCN-260 316 223 -0.008 -0.3 0.03 3 
C1405/TiCN-30 56 39 -13 -31 0.4 0.2 
C1205/TiCN-60 55 41 -1 -7 0.2 0.5 
C1305/TiCN-90 59 38 -0.4 -3 0.1 0.8 
C1905/TiCN-90 62 39 -0.4 -3 0.1 0.8 
C2005 /Ti CN -120 63 39 -0.2 -1 0.1 1 

Table 4.4: Parameters resu/ting from the fit to the quadratic function of depth weight 
factor model. 
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Figure 4.15: 11/ustration of the effect of constraints on a fit parameter with an increas
ing error. The unforced values forS have errors that extend to the positive values for 
S (•). lmposing a constraint S < 0 results in the values with the errors restricted to 
the negative values, hence decreasing average values (o). 

example b. lt should be noted that the increasing b can be explained by the 
increasing error in the fitting parameters. The films with short sputter times 
yield the lowest composite hardnesses as expected and shown in section 4.4. 
The smallest load indentations are therefore bigger and the error in the 
measurements is smaller than the error for measurements on samples with 
more time of sputtering. So a forced negative 8 has a decreasing value and 
increasing error with increasing sputtering time. To illustrate the problem 
with constraints on the fit parameter 8 an example is given in figure 4.15. 
Several measurements for parameter 8 are given (marked as • with the 
arbitrary value of -2). The error is increasing and at some point crosses 
the x-axis yielding values for 8 that are greater than zero. The constraint 
8 < 0 farces the interval to be situated totally under the x-axis. So with an 
increasing error the middle of the interval, the average, is shifting downwarcis 
(marked o). 
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Figure 4.16: Vickers hardness of the Kl *series. Glass covered with a-C:H with an are 
current of 48A and varying C2 H2 flows. 

4.6 Hardness of a-C:H coatings 

The produced a-C:H coatings were examined, concerning the hardness, in 
two different manners. First, Vickers hardness measurements with a Leitz 
Miniload. Second, nano indentation measurements as described in the pre
ceeding chapters. Finally an attempt is made to link the two methods of 
determining hardness in a way that Vickers hardness measurements can be 
used to determine the hardness of the coating without the influence of the 
su bstrate hardness. Though it has to be noted that the two methods are 
principally different because of the way they calculate the actual hardness. 
\1\Thereas Vickers hardness concerns the residual impression, nano indenta
tion uses the data during indentation. An idea.l Vickers experiment would 
require no elastic recovery of the material, whereas with nano indentation it 
is the key lead in calculating the hardness. Nano indentation measurements 
show a considerable amount of elastic recovery ancl therefore nano indenta
tion is, tagether with the fact the machine can be operated with low loads 
(diminishing substrate influence), the prefered methad of hardness testing. 
Vickers measurements, however, may give a low-cost, fast and simple methad 
yielding an initia! clue for the hardnessof the sample. 
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4.6.1 Vickers hardness 

The two series of samples (K1 * and DEPO*) were tested using a Vickers 
indenter. The graph in figure 4.16 shows the Vickers hardness ofthe different 
K1G* samples, i.e. the samples produced with constant are current ( 48A) 
and varying C2H2 flows. The silicon samples could not be measured because 
of delamination of the coating upon indenting. The graph in figure 4.16 
shows no relationship between the thickness of the coating and the measured 
Vickers hardness. The small trend upward for the hardness with decreasing 
loads might be subscribed to a combination of the Indentation Size Effect 
and increasing film contribution. 

The depletion series (DEPO*) was deposited after initia! determination of 
the are current needed in combination with the C2H2 flow to keep the deple
tion constant. First a measurement of the depletion was done while repro
ducing the K1 *series without actually depositing the layers. The variation of 
the depletion with the C2H2 flow at a constant are current of 48A is shown 
in figure 4.17. The graph shows the depletion measured using two differ
ent masses of C2H2, namely 25 a.m.u. and 26 a.m.u. for the Residual Gas 
Analyzer (RGA, [VHe98]). To facilitate constant depletion measurements 
with different are currents and C2H2 flows, the depletion was measured as 
a function of the vessel pressure. See figure 4.18. The results of the Vickers 
hardness measurements on the samples grown at different growth rates, are 
depicted in figure 4.19. On basis of the Vickers hardness measurements no 
conclusions can be drawn on the effect of growth rate on Vickers hardness. 

4.6.2 Nano indentation measurements 

Hardness measurements were performed on both the silicon and glass sam
ples with a-C:H layers. The reproduetion series (K1 *) was measured at the 
Eindhoven University of Technology. An example of a typical nano inden
tation experiment graph is shown in figure 4.20. The graphs show the end 
depth which is camparabie to the depth after indentation h 1. This is the 
depth used for Vickers measurements soit is possible to campare the depths. 
The Berkovich indenter has an area function: 

A= 24 .. 5h~ + 5.71hc (with he in JLm) (4.7) 

w hich was determined in the Labaratory of Solid State and Materials Chem
istry of the Eindhoven U niversity of Technology. Other artefacts in the 
graphs of figure 4.20 such as the 'dips' at for example 150 mN and 220 
mN could be identified with cracking of the film. The delamination of a-C:H 
as refered to in the previous section with Vickers measurements, also shows 
up in the nano indentation experiments. The 1.50mN measurement on sili
con (KlSF6) is depicted in figure 4.21 and shows that befare reaching the 
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Figure 4.17: Reproduetion of the Kl *series with respect to the depletion. The C2 H2 

depletion was measured monitoring mass 25 a.m.u. and 26 a.m.u. with the Residual 
Gas Analyzer (RGA). 
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Figure 4.18: Depletion measured as a function of the vessel pressure. Again two chan
nels of the RGA we re used, one for C2 H2-25 and one for C2 H2-26. 

maximum load of 150 mN, the layer delaminates illustrated by the sharp 
fall in force at (nearly) constant displacement. 

The usual methad of determining the hardness with nano indentation is 
via the unloading data of the experiment. Unloading data is fitted to a 
polynomal of the third or fourth degree and the fit is used to calculate the 
tangent at maximum load (see also tigure 4.22). 

The values for elastic modulus Er and hardness H are summarized in table 
4.5. The first methad of analyzing the data in table 4.5 is a comparison of 
the nano hardness values with the Vickers hardness values. An example is 
given in tigure 4.23. In this tigure three methods of hardness measurement 
can be distinguished. 

• First the Vickers indentation with the Leitz Microlaad denoted with 
the squares. The supporting area is calculated from measuring the di
mensions of the residual impression, followed by dividing the load by 
the area. This yields a typical Vickers hardness. This methad yields a 
hardness based on the plastic (irrecoverable) deformation of the mate
rial. Further on this hardness will be referred to as: Vickcrs-hardness 
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Figure 4.19: Vickers hardness for the depletion series. Depletion was constant at 0. 6 
while current and C2 H2 flow we re varied resulting in different growth rat es. 
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Figure 4.20: Examples of nano indentations on glass covered with a-C:H (sample 
KlGFlO) with 250 mN (top) and 5 mN (bottom). 
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Figure 4.21: Example of delamination of the coating material during nano indention. 
Here the substrate was silicon covered with a-C:H (K1SF6) the applied load was 150 
mN. 
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Figure 4.22: Example of an unloading data fit on sample KI GFIO. 
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Table 4.5: Values for elastic modulus and hardness for the different samples of the 
KI* series. Measurements were done at different loads. 

sample laad (mN) hJ (J-Lm) he (J-Lm) o/F; (mNj J-Lm) H (GPa) 
K1GF2 250 0.92 1.42 447.8 7.4 
K1GF2 150 0.87 1.22 366.8 5.8 
K1GF2 80 0.71 0.97 283.6 4.7 
K1GF2 20 0.2 0.4 134.7 5.1 
K1GF2 5 0.09 0.16 59.05 4.8 
K1GF6 20 0.1 0.24 108.3 11.0 
K1GF6 5 0.03 0.08 53.03 11.6 
K1GF8 80 0.33 0.62 217.8 10.1 
K1GF8 20 0.11 0.22 106.6 12.4 
K1GF8 5 0.03 0.09 52.69 10.1 
K1GF10 250 0.91 1.51 371.3 6.6 
K1GF10 150 0.61 1.03 290.9 7.9 
K1GF10 80 0.39 0.69 223.2 8.4 
K1GF10 20 0.13 0.24 104.8 11.0 
K1GF10 5 0.04 0.09 52.76 10.1 
K1GF14 150 0.53 0.91 278.5 9.8 
K1GF14 80 0.38 0.66 212.7 9.1 
K1GF14 20 0.14 0.25 102.2 10.4 
K1GF14 5 0.05 0.1 51.17 8.8 
K1SF2 20 0.22 0.43 221 4.6 
K1SF2 5 0.09 0.16 78.45 4.8 
K1SF4 20 0.11 0.23 155.1 11.7 
K1SF4 5 0.03 0.08 64.47 11.6 
K1SF6 80 0.4 0.58 335.7 11.2 
K1SF6 20 0.14 0.25 157.9 10.4 
K1SF10 250 0.71 1 599.2 13.9 
K1SF10 20 0.14 0.25 148.4 10.4 
K1SF10 5 0.04 0.09 64.33 10.1 
K1SF14A 250 0.67 0.95 58.05 15.1 
K1SF14A 150 0.5 0.74 133.6 14.0 
K1SF14A 80 0.34 0.6 301.1 10.6 
K1SF14A 20 0.11 0.24 418.1 11.0 
K1SF14A 5 0.03 0.09 538.0 10.1 
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Figure 4.23: Comparison of the hardness measured in three different ways. The data 
marked with a square were measured with a Vickers indenter. The • data show the hard
ness as calculated from the residual nano indentation (h1 ). The o data were calculated 
using the he nano hardness. 
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• Second, nano indentation denoted with •· Here h f, the depth of the 
residual impression, is used to calculate the supporting area (eq. 4.7. 
Again the load is divided by the area yielding a Vickers hardness mea
sured with nano indentation techniques. Again the hardness value 
is based on the plastic deformation and denoted as nano-Vickers
hardness. The statistica! error was estimated at 15% based on several 
fits of the same unloading data and the change in the values of the 
parameters. The actual error in the value of the hardness might be 
larger because of other disturbances and inhomogenities during mea
surements. 

• Third, nano indentation denoted with o, using he, the contact depth 
(corrected with E), to calculate the area. The load is divided by the 
area to give the nano hardness. The methad is based on the upper 
part of the unloading curve, hence elastic effects. The hardness is the 
nano-hardness and the statistica! error was again estimated at 15%. 

A few things can be recognized in figure 4.23. The Vickers hardness from 
micro hardness testing at 25 gf coincides with the Vickers hardness from 
nano indentation (nano-Vickers-hardness) at 25 gf. The Vickers hardness via 
nano indentation ( nano-Vickers-hardness) tends to increase with decreasing 
loads, formerly referred to as the Indentation Size Effect. The hardness mea
sured with nano indentation techniques (nano-hardness) coincides (within 
uncertainty regions) with the Vickers hardness measurements using micro 
hardness testing (Vickers hardness). The nano-hardness shows a less amount 
of ISE. On the basis of the difference in deformation type between micro in
dentation (plastic) and nano iudention (elastic), the ISE could be subscribed 
to elastic effects. One way of explaining the farmer would be that a defor
mation consists oftwo (non proportional) parts. First an elastic deformation 
( untill a certain load) and after that a plastic deformation. This idea was 
adopted from dr.W.-P.Vellinga (Faculty of Mechanica] Engineering) during 
persarral communication. So when a smaller load is applied, the elastic por
tion of the deformation increases, )'ielding a smaller residual impression. 
Note that this coincides with one of the possible explanations for ISE given 
in chapter 2; namely the needed initia! load to make an impression (plastic 
deformation). The remairring increase in nano-hardness ( o in figure 4.23)with 
decreasing load, may then fully be subscribed to the decreasing substrate 
influence. Another example of the previously mentioned effects is shown in 
figure 4.24. Note that it is not possible to further investigate the new model 
as intrad uced in the previous chapters because the nano-Vickers hardness in
corporates ISE and the nano-hardness is measured in a principally different 
manner. 

The influence of the C2H2 flow on the nano-hardness of the film (measured 
with 5 and 20 mN) is depicted in flgure 4.25. All valnes for the nano-hardness 
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Figure 4.24: A nother example of the three ways of calculating the hardness of a given 
sample (KI GF8). The graph supports the plot given by figure 4.23. 
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Figure 4.25: Nano-hardness. measured with 5 and 20 mN, as a function of C2 H2 flow 
for films with glass and silicon substrates. Oeposition at a constant are current of 48 
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Figure 4.26: Elastic modulus, measured with 5 and 20 mN, as a function of C2 H2 

flow for films with glass and silicon substrates. Depostition was done at 50" C at an are 
current of 48 A. 

are within the uncertainty regions except the first one, for a C2H2 flow 
of 2 scc/s. The layer thickness is about 0.64 f.Lm whereas the maximum 
penetration depth hmax is 0.23 f.Lm (for 5 mN) so the film is not penetrated 
during indenatation. 

The dependency of the elastic modulus Er on the C2H2 flow is depicted in 
figure 4.26 The only values that deviate from the mean of about 60 GPa 
are that of the silicon substrates covered with a-C:H at a C2H2 flow of 14 
scc/s. This could not be explained from the fact of substrate difference (glass 
or silicon) because at increasing layer thickness (higher flows) the infl uence 
would diminish. The fact that the ratio of Young's modulus and the hardness 
of the measured samples is about 10, is in agreement with the values found 
by [Gie96]. In genera!, the relation between H and n as reported in [Gie96] 
could not be reproduced in this work. The hardnessof the samples measured 
does not increase with increasing refractive index. One of the problems is 
the large errors that are made in the refractive index measurements. 

Nano indentation measurements on the series DEPO* made at a constant 
depletion of 0.6 were performed at VITO (Vlaamse Instelling voor Technol
ogisch Onderzoek) by E. Dekempeneer and J. Meneve. For these measure
ments six samples were selected. Namely; DEPOS6, DEPOS12, DEPOG6, 
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Table 4.6: Hardness and elasticity values measured at VITO for 5 mN and 20 mN on 
glass and silicon covered with a-C:H. 

sample load (mN) Vgrow (nm/s) llJR H (GPa) Er 
DEPOG6 5 14.3 ± 0.2 1.86 ± 0.01 7.98 61.70 
DEPOG12 5 7.96 63.24 
glass 5 5.61 62.58 
DEPOG6 20 14.3 ± 0.2 1.86 ± 0.01 6.86 56.62 
DEPOG12 20 7.22 56.92 
glass 20 5.72 61.44 
DEPOS6 5 16 ± 3 1.8 ± 0.3 8.29 79.36 
DEPOS12 5 25 ± 2 1.9 ± 0.1 8.48 76.52 
Si 5 12.00 170.00 
DEPOS6 20 16 ± 3 1.8 ± 0.3 7.87 92.68 
DEPOS12 20 25 ± 2 1.9 ± 0.1 8.79 83.35 
Si 20 12.00 170.00 

DEPOG 12 and two reference samples; a glass and a silicon substrate. The 
indentations were made at loads of 5 mN and 20 mN and the hardness was 
calculated using the literature value of 12 GPa for silicon as a reference 
value for the other measurements. Table 4.6 shows the results. Because of 
the small number of measurements and the little dependency of the mea
sured nano hardness on growth rate and refrective index, no conclusions can 
be drawn. 
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Chapter 5 

Conclusions 

Basedon the results in the preceeding chapter, some results wil! be discussed 
and some further thoughts about the possible ways to enhance the knowledge 
of hardness measurements will be given. 

5.1 Production of the coatings on different mate
rials 

Coatings were produced on different kind of substrates. A-type steel was 
coated using TiN with an intermediate layer of Ti to increase coating adher
ence. These samples were only used to measure the increased hardness and 
were not used to check the models proposed because the coating is not a 
mono component layer. Glass was also succesfully covered with layers of TiN 
and Ti/TiN. H-type steel and copper were succesfully covered with TiC and 
TiCN. These mono component coatings were used to apply to the different 
models for separating the film hardness from the component hardness. Glass 
could not be covered with TiC and TiCN because of the higher temperatures 
the substrates melted prior to the deposition. To get not only coatings on 
steel and copper also silicon was covered to backup the conclusions for the 
used models. However, on inspeetion with the optica! microscope it turned 
out that the surface of the coated silicon was too rough to distinguish clear 
indentation diagonals herewith disabling the use for hardness testing. 

5.2 ISE behaviour 

The two ways used to analyze the data for the uncoated substrates with 
respect to the indentation size effect behaviour were both succesfu!L How
ever, the nature of these to approaches is ver~' different. The a.nalysis using 
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Meyer's law, offers a usefull methad to determine the magnitude of the in
dentation size effect. The amount the Meyer's index differs from 2 is taken 
as a measure of the indentation size effect. The results for capper, the two 
types of steel and glass indicate at worst (for H-type steel) an effect of 17% 
and at best an effect of 5% (glass). The second methad is the correction 
for the indentation diagonal as developed by lost & Bigot. The correction 
is the biggest for H-type steel (9 pm) and the smallest for glass (2 pm). 
This agrees with the magnitudes of the effects calculated using Meyer's law. 
However, the two intermediate values (A-type steel and copper) do not de
pend equally on their respective Meyer's parameters. For use of the models 
which neglect ISE the ISE behaviour of the bulk TiC, TiN, TiCN should 
be measured to distinguish between effects of the ISE and the coating. Here 
only the substrates are tested and because of the relatively small ISE effect 
( n is reported to differ 100% from 2 for lead telluride [Ios96]) the models 
only incorporate effects of the coating on the measured hardness. 

5.3 SEM and optica! measurement of indentation 
diagonals 

A few indentation diagonals were measured with an optica! measuring micro
scope as well as with scanning electron microscopy (SEM). The differences in 
the measured indentation diagonals resulted in differences in the calculated 
hardness from 44% up to 210%. The difficulties of focussing the indention 
diagonals using SEM and the optica! measuring microscope account for the 
big differences. Because the SEM measurements are very time consuming 
and only yield a better result for the very small indentations (1 - 4pm) 
all measurements were clone with the optica! measuring microscope and the 
values under 4 pm were discarded in the calculations. If a sharp line encoun
tered in one of the SEM pictures can be identified as the interface between 
coating and film, a simple geometrie calculation gives the film thickness. 
For the sample of 2 hours of TiCN coating on steel this would mean a film 
thickness of 3 pm and a growth speed of 1.5 pmj hour which lies within the 
domain of growth speeds for de-sputtering [Rod97]. 

5.4 Hardness of the produced coatings 

The produced coatings of Ti/TiN on A-type steel were measured with the 
Vickers microhardness tester. The graphs of these measurements show an 
increasing hardness for small loads with increasing sputtering time. TiN 
deposited on glass also yielded harder microharclnesses than the uncoated 
substrates. Graphs of different sputtering times of II-type steel and copper 
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covered with TiC yield an increasing hardness with sputtering time. Adjust
ments made to the micro hardness tester between the measurements of the 
uncoated substrates and the measurements of the coated samples, made it 
impossible to campare the results. The measurements on the uncoated sub
strate were only used to determine the magnitude of the ISE. H-type steel 
was covered with TiCN and showed a similar behaviour as the TiC coated 
substrates; the microhardness increased with increasing sputtering time. The 
measurements on the capper covered with TiCN, however, did not show any 
significant increase of microhardness after different times of sputtering. So 
with the exception of TiCN on copper, all sputtered substrates showed an 
increasing microhardness with increasing sputtering times (presumably in
creasing film thickness). 

5.5 Separating the film hardness from the com
posite hardness 

Two different approaches were used to separate the film hardness from the 
measured composite hardness. Bath rnadeis suffered from the inaccuracies 
that exist in the determination of the smallest indentation diagonals. The 
smallest indentations prove most important in the parameters and the cal
culation of these parameters inhibits a big error (100% and up). In the 
literature no errors are given for the used parameters and a comparison is 
therefore not possible. A possible explanation for the trend that bath rnadeis 
show, is the fact that the constraints imposed on the fit parameters during 
the fit process, alter the average values of an important fit parameter in a 
linear way. 

5.6 Vickers-hardness and nano-hardness of a-C:H 

Vickers measurements on glass covered with a-C:H with different C2H2 flows 
show no increase of the measured composite Vickers-hardness with increas
ing layer thickness, as was observed with the TiC(N) covered steel and 
copper. This is probably due to the fact that the difference between the 
coating hardness and the substrate hardness is higher in the latter case. 
Vickers measurements on silicon covered with a-C:H could not be dorre be
cause the coating delaminated upon indentation. This is also clear in nano 
indentation measurements where a sharp fall in force is reearcled at little 
displacement variation. From camparing three types of harclness measure
ments; namely Vickers hardness (plastic), nano-Vickers-hardness (plastic) 
and nano-hardness (elastic) measurements, it is possible to explain the ISE. 
The assumption is that the total indentation consists of an elastic and a 
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plastic part (as suggested by W.-P. Vellinga). These parts are not propor
tional so when the indentation is smaller, the elastic portion is larger in 
comparison with the plastic portion, hence yielding smaller impressions. 
The Vickers-hardness and nano-Vickers hardness u se these im pressions for 
the calculation of the hardness whereas the nano-indentation only uses the 
elastic deformation measured during indentation. The values of the nano
hardness are measured using a different principle than the Vickers hardness 
soit is nat possible to analyze the data in a way the new model for hardness 
separation suggests. Graphs of nano-hardness as a function of C2H2 flows 
show a hardness which does nat depend on the layer thickness except for the 
thinnest layer (flow=2 sccjs, dJR=0.64 f.Lm) which shows a smaller hardness. 
The maximum penetration depth is 0.23 f-Lm and is small compared to the 
film thickness (0.64 f.Lm) so influence of the substrate is unlikely. Possible ex
planation is the different coating composition. Elastic moduli measurements 
show an independenee of C2H2 flow except for the val u es corresponding with 
silicon covered with a-C:H at C2H2 flow= 14 scc/s, which are higher. This is 
probably nat due to the substrate difference because the thicker layer should 
diminish substrate influences. Another explanation might he the increased 
growth rate. The general dependency of hardness on refractive index (in
creasing hardness with increasing refractive index) could nat he reproduced 
in this work due to large errors in refractive index measurements. 

5. 7 Possible further investigations 

The following items are questions this report leaves unanswered and should 
he investigated in order to obtain a more complete image of the used sput
ter technique concerning the production of hard coatings and the Vickers 
hardness measurements with the correction for the composite hardness. 
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• The produced layers can he compared only optically with known sam
ples coated with known films. A better image of the constituent com po
nents ofthe films could he achieved by analysis using X-Ray Diffraction 
Spectrometry. The produced but nat indented silicon samples could he 
candidates for the investigation and determine the effect on film com
position using the graphite or tungsten heater. 

• The hardness of the TiC, TiN and TiCN should he investigated to 
determine the effect on the composite hardness measurements. When 
the films are sufficiently thick, this could be clone by nano indentation 
measurements which do nat suffer from the ISE. 

• The condusion that the ISE is typically a result from the difference 
between plastic and elastic deformation, has to be checked with more 
( uncoated) sam pies. 



• The models for separating film hardness from the composite hardness 
have to be checked and a way must be found to incorporate ISE in 
the models. item The modelscan be rebuild for nano-indentation tech
niques which are not perturbed by the ISE, yielding a usefull way of 
separating the film hardness from the composite hardness. 
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Appendix A 

Farges & Degout derive a model on geometrie considerations for the pile-up 
at the edges of a Vickers indentation [Far89]. They write for the hardness 
H' at smallload (influenced by the ISE): 

I L 
H =A' 

with L the laad and A' the area of the indentation and given by: 

d'2 
A'=---

2 cos 22° 

( .1) 

( .2) 

where d' is the measured diagonallength. Assuming a significant amount of 
the indenter laad is supported by the piled-up area, the geometrical model 
of figure .1 is suggested. The area of the bulge Ab is given by: 

4fd'V2 
2 cos 22° 

( .3) 

where fis the projected lengthof the bulge as represented in figure .1. The 
total indentation area is then: 

d'2 4fd'V2 A = + ____:__ __ 
2 cos 22° 2 cos 22° 

( .4) 

and because Lv = 2jyi2 the following relation between d and d' is obtained: 

( .5) 

This expression is the correction function for the measured diagonal length 
and Lv the Vickers correction lengtl1. Thus allowing the hardness to be 
written as: 

2 cos 22° L 
H=---

d'2 + 2Lvd' 
( .6) 
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Figure .1: Geometrical model of the pile up at the edges of a Vickers indentation. 

An alternative methad of calculating H and Lv could be derived from the 
emperical relationship between hardness H' and indentation diagorral d', 
which is of the farm: 

(. 7) 

where H is the intercept and B the slope of the linear H' ( d- 1 plot. Also 

Multiplying eq. (.7) by d'2 and then substituting it in eq. (.8), yields: 

Hd2 = Hd'2 + Bd' 

dividing this eq uation by H, gives: 

Com parison with eq. ( .. 5) shows that Lv can be identified as: 

B 
Lv=-

2H 

So eq. (.7) can be written inthefarm 

H' = H + 2LvH 
d' 

( .8) 

( .9) 

( .10) 

(.11) 

( .12) 

In their work, Farges & Degout show that this is a valid way to account for 
the deviations that occur with small laad microhardness testing. 
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Technology assessment 

Protective metallurgical coatings for metals and especially tooi steel, are 
of much interest in nowadays mechanica! production machines. Coatings of 
TiN, TiC and TiCN are widely used. From enhancing the life-time of ball 
bearings, up to a promising wall coating in future fusion reactors. Another 
coating material of great interest and with high flexibility where the appli
cation is concerned, is amorphous carbon. Varying the process parameters 
allows for some flexibility in material charaderistics such as hardness, re
fractive index and coating adherence. In this way the coating can be tuned 
from soft polymerlike, for application as high quality Iu bricants. to hard 
diamondlike as a proteetion for tools against wear and abrasion. A better 
knowledge of deposition processes as well as the charactarization of the pro
duced materials, wil! contribute to the proliferation of these new materials 
in future applications. 


