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The aim of this thesis was to develop wear resistant physical vapour
deposited coatings of TiB2 as well as multilayers of Cr/CrN. The correlation
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investigated. Finally, the influence of these properties on the coating
behaviour in tribological applications has been evaluated.

It is shown that the use of electron bombardment of the growing
coating during d.c. magnetron sputtering is beneficial for the growth of
superhard TiB2 coatings. Furthermore, electron bombardment results in TiB2
coatings with significantly lower residual stresses than coatings deposited
using ion bombardment. The low stresses in these coatings open up the
possibility to deposit thicker PVD coatings, as confirmed in this thesis.

In addition, the use of TiB2 coatings in tribological contacts against
aluminium proved to be superior to many other commercial coatings used
today, with respect to wear resistance, anti galling properties and a low
friction.
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1 INTRODUCTION
Mankind has since the early ages battled and solved problems related to
friction and wear. The first recorded tribologist is found in an Egyptian wall-
painting showing the transportation of the statue of Ti (c. 2400 B.C.).1 It
appears on these pictures that the tribologist supplied some lubricant,
probably water, in front of the wooden sledge, which carried the statue. By
this lubrication he reduced the number of people required to move this 60
tons statue to 172! The number of men would have been at least the double if
a non-lubricated wood to wood sliding had been used. Early examples of
surface hardening date from around 1400 B.C. During this period, the
extraction of iron from hematite (iron ore) began. In its pure form, iron is
inferior to bronze in almost every way, but people found that by heating iron
in charcoal and shaping it, by hammering, a much harder metal - steel - was
produced. In this case the surface hardening is caused by the large amount of
carbides developed in the metal as carbon was absorbed from the charcoal
into the iron.

Tribology as a field of science was defined in 1966 (the word tribology
comes from the greek word tribos, meaning rubbing). Maybe the increased
concern for reliability and the fact that the industrial revolution had shown
that all man made machines are subjected to wear, usually coupled to the
relative motion between interacting surfaces, made it necessary to gather all
efforts regarding friction, wear and lubrication into one common discipline;
tribology.

�Tribology is the field of science dealing with contacting
surfaces in relative motion � which means that it deals with
phenomena related to friction and wear�2

The fact that the nature of tribology is multi-disciplinary is both its strength
and weakness. It is fascinating to solve problems related to several traditional
sciences, i.e. chemistry, physics, mechanics, etc. However, this also means
that it is difficult to gain the full understanding of tribological contacts.

1.1 The Introduction of a Surface Coating

A general trend during the last couple of decades has been to increase the
wear resistance of tool materials and machine elements by applying thin, hard
ceramic coatings.

A good coating material should exhibit several different properties in order to
work successfully in a given tribological application. Important properties are
good adhesion to the substrate, low tendency to adhere to the counterpart
material, good abrasive wear resistance (high hardness), high thermal and
chemical stability and high fracture toughness.
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1.1.1 PVD and CVD

Most common are the coatings made by either Physical Vapour Deposition
(PVD) or Chemical Vapour Deposition (CVD). Coatings made with these
techniques are relatively thin. PVD coatings are usually in the range of
1−5 µm, while CVD coatings are generally somewhat thicker (4-20 µm). For
wear-resistant applications, like cutting tools, titanium nitride, TiN, titanium
carbonitride, Ti(C,N), and titanium aluminium nitride, (Ti,Al)N, are the most
common PVD coating materials. Sometimes elements like Zr, Nb and Cr are
added. CVD coatings normally consist of TiN, Ti(C,N), TiC, and alumina,
Al2O3, but elements like Zr and Hf may be added also to CVD coatings.

Another difference between the PVD and CVD technologies is the deposition
temperature; PVD is typically deposited at 300-600°C, while the deposition
temperature of CVD coatings is normally much higher, typically 1000°C.
Lately, a variant of CVD has become very popular, MTCVD, Moderate
Temperature CVD, where the deposition temperature is in the range of 700-
900°C. The ability to use a lower deposition temperature with PVD opens up
the possibility to coat a wide range of substrate materials with less thermal
damage.

The major advantage with the CVD technique is the ability to uniformly coat
complicated geometries. This is possible because the deposition is based on
surface-controlled chemical reactions. PVD is more of a "line-of-sight"
technique since the deposition rate depends on the orientation of the surface
relative to the deposition flux. In case of cemented carbide (CC) tools, one
argument for PVD has been to avoid formation of a brittle η-phase3 in the
interface between coating and substrate. However, nowadays the η-phase is
avoided by properly designed CC substrates and/or using the MTCVD
process.

Another benefit of the PVD technique is the possibility to deposit meta-stable
phases, i.e. material compositions and/or phases that are not thermo-
dynamically stable. Since the PVD process is an atom by atom building
process it is possible to �freeze� thermodynamically meta-stable structures in
place. A third important advantage of the PVD technique is the possibility to
control the residual stress state of the coating. In practice, this is used to tailor
an advantageous stress situation for the substrate/coating composite. For
example, in the system of CC-substrates with TiN/TiC/Al2O3 coatings made
by CVD, the stress state of the coating is always tensile. If the same materials
are deposited with PVD, a compressive stress state may be chosen.
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1.1.2 PVD

Commercially used PVD techniques are either based on electron beam
evaporation, cathodic arc evaporation or d.c. magnetron sputtering. However,
today also some other techniques based on those mentioned can be found on
the market. Some examples of recent advances in different sputtering
techniques are discussed in § 2.3.

The ever-present demands for reduced production costs have led to the
development of new types of coatings; both coatings made of new materials
and coatings made of previously used coating materials but with modified
microstructure. Examples of the former are (Ti,Al)N and CrN, and of the
latter are functionally graded coatings (e.g. varied chemical composition
throughout the coating), and multilayered coatings (i.e. coatings obtained by
alternately growing two or more chemically and/or mechanically different
materials, forming a layered structure). Especially multilayered coatings have
been found to give improved mechanical and tribological properties, such as
high hardness, increased fracture toughness, increased abrasive wear
resistance, etc., as compared with homogeneous coatings.3-6

Today, many research groups are devoted to producing nanocomposite
coatings.7-10 Promising results in terms of high hardness and toughness have
been demonstrated for this type of materials. It is suggested that the
combination of small hard nanocrystallites, e.g. TiN, in a high strength
amorphous matrix, e.g. a-SiNx, is a requirement for these good properties.
Moreover, it is proposed that the cohesive strength of the interface between
the coating matrix and its nanocrystallites must be sufficiently high to avoid
unstable crack propagation. A low mutual solubility is also a prerequisite for
a successful nanocomposite system. However, the tribological properties of
these composite materials have not yet been fully explored.

1.2 Aim of This Work

The aim of this work was to develop a PVD coating useful for machining
aluminium. In other words, a coating with sufficiently good adhesion to the
substrate (which requires control of the residual stresses), a high abrasive
wear resistance (to resist hard inclusions in the work material) as well as low
tendencies for adhesion and a chemical resistance against hot aluminium.

Further, this work also aims at exploring the effect of multilayering on the
abrasive resistance of PVD coatings.
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2 MAGNETRON SPUTTERED COATINGS
In this work, magnetron sputtered TiB2 and Cr/CrN coatings have been
developed and evaluated. In this chapter, TiB2 is presented and also the
sputter process.

2.1 TiB2

TiB2 is a ceramic compound with a hexagonal structure where boron atoms
form a covalent bonded network in the Ti matrix.11 Compared to other
ceramic compounds, this arrangement gives TiB2 a very god electrical and
thermal conductivity, due to the many mobile electrons.12 In table 2.1 some
basic properties of TiB2 are listed, such as the high bulk hardness and
modulus. TiB2 is also known as a material with very good high temperature
properties, such as a high hot hardness (according to ref. 13 the hardness of
TiB2 at 600°C is about 32% of its original hardness compared to about 24%
for TiN) and a good chemical stability. Especially against liquid aluminium,
TiB2 is known to bee superior to most other ceramic materials considering
chemical stability.14,15 A ceramic compound with high hot hardness and
chemical stability is of course of great interest as a protective coating,
because in some applications of forming tools both these characteristics can
reduce wear and friction. Furthermore, the exceptional inertness against
aluminium makes TiB2 very interesting for applications involving forming
aluminium alloys. Many of these alloys also have high amounts of hard
particles embedded, i.e. oxides and carbides, which can severely scratch the
forming tool. This wear is also believed to be reduced by using hard TiB2
films, which are not easily scratched.

Table 2.1. Properties of TiB2 as bulk material (at room temperature).

Property Value Reference
Lattice parameter [Å] a/c 3.028/3.228 11
Density [g/cm3] 4.5 16

Melting point [°C] 3225 16
Hardness [HV] 3000 16
Elastic modulus [GPa] 560 16
Fracture toughness [MPam1/2] 4.5 17
Thermal expansion coeff. [10-6 K-1] a/c 3.56/6.13 18
Thermal conductivity [W/mK] 110 12

Electrical resistivity [µΩcm] 8.5 12
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TiB2 coatings, as single layers or as a component in multilayers, have been
produced by d.c. magnetron sputtering since the beginning of 90:s, see for
example refs. 19-21. However, as far as the author knows, KennametalTM Inc.
is the only commercial tool company which offers products coated with TiB2.
In their case, they recommend this coating for high speed machining of non-
ferrous materials, especially finishing of soft/sticky aluminium alloys. This
limited availability of TiB2 coatings, is probably a result of problems related
to the deposition of this material as protective coating.

2.2 The Sputtering Process

All sputtering processes use energetic ion bombardment to vaporise the
source material, often referred to as the target, as illustrated in figure 2.1. The
deposition system is filled with a noble gas, often argon (Ar), to a total
pressure of 0.01 to 0.1 mbar. A negative potential of some kV is applied to
the target. Positive ions naturally occurring in the gas will therefore be
accelerated towards the target. When they impinge they will transfer their
momentum to surface atoms of the target, and if the momentum in both
direction and value is higher than the surface binding energy a target atom
will be ejected, i.e. sputtered. The number of sputtered atoms per impinging
atom is called the sputtering yield. The sputtering yield depends on the ion
and target atoms, as well as the ion energy, but are normally in the range of
0.2 to 0.8. The impinging ions will also create emission of secondary
electrons.

The secondary electron yield is typically 0.1 (using Ar as sputtering gas). The
secondary electrons that are accelerated away from the target by the applied
negative potential ionise more atoms of the sputtering gas (each electron
creating approximately 10-20 ions by electron-atom collisions), and are
thereby sustaining the discharge.

Fig. 2.1. Schematic illustration showing the sputtering technique. Argon gas is ionised
by electrons within the plasma. The argon ions are attracted by a high negative
bias on the target and accelerate towards the target surface where they result
in “sputtering”, i.e. knocking out, of material to be deposited. Normally a
small substrate bias is applied in order to have some ion bombardment of the
growing film as well.
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This ejected flux of target atoms, which has a main direction, is then
transported through the space towards the substrate. Depending on the gas
pressure and the distance to the target, the flux will be more or less scattered
by the gas. The average distance an atom can travel before a collision is
called the mean free path. The mean free path λ can be estimated using

dP2
kT

2⋅π
≈λ (1)

where k the Boltzman constant, T and P the gas temperature and pressure,
and d is the diameter of the gas molecule (dAr = 3.64 Å).

Usually a negative potential is applied to the substrate, in the range of 50-
200 V. Therefore, the coating surface is also ion bombarded during growth,
see figure 2.1. This ion bombardment is applied in order to densify the
growing film by enhancing the surface mobility.

2.3 Magnetron Sputtering

Basically, two types of sputtering devices are found; the d.c. sputtering and
the magnetron sputtering device. The d.c. sputtering technique is the oldest
construction with simply a target held at a negative potential, this
construction is however not very efficient and need to be operated at a high
pressure (0.01 to 0.1 mbar) and at a high target potential (several kV) in order
to sustain the discharge. In this thesis the more efficient magnetron sputtering
device has been used. Magnetron sputtering utilises a magnetic field parallel
to the target surface, which in combination with the electrical field causes the
secondary electrons to orbit in a closed circuit in front of the target surface,
due to the Lorentz force. This results in significantly increased ionisation
efficiency, compared with the d.c. sputtering technique, since each electron is
able to ionise more working gas atoms, close to the target surface. This in
turn means an increased ion bombardment of the target and, therefore, higher
evaporation rate. Due to the increased ionisation achieved using magnetron
sputtering the glow discharge will be maintained at lower operating pressures
(typically 10-3 mbar, compared with 10-2 mbar) and at lower operating
voltages (typically, -500 V, compared with -2 kV) than using d.c.
sputtering.22 A low working pressure will increase the deposition rate due to
reduced scattering of the evaporated atoms, see equation 1. During the
sputtering process it is also possible to use a reactive gas. The process is then
referred to as reactive sputtering. During reactive sputtering the partial
pressure of the reactive gas is carefully regulated, to keep a wanted covering
by reactive compound of the target and to get the correct stoichiometry of the
coating.
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Throughout the years some modifications of the magnetron sputtering system
have evolved. One is the r.f. power supply, enabling sputtering of dielectric
compounds. This technique avoid charge built up on the target surface by
switching the polarity of target. By doing this, arc discharges on the target
surface that may occur when sputtering low conducting materials, are
minimised. Another development is the unbalanced magnetron, i.e. unequal
magnetic flux from the outer pole to that entering the inner pole (the magnets
are positioned behind the target). In balanced magnetrons most of the
ionisation occurs close to the target surface. By unbalancing the magnetron,
using a stronger outer magnet compared to the inner, the plasma is extended
as the magnetic cage is expanded outwards from the target surface. This
means that the substrate bombardment by ions is significantly increased since
the ionisation of the sputtering gas close to the substrate is increased.23 An
increase in ion current drawn at the substrates by roughly one order of
magnitude can be achieved by unbalancing the magnetron (10 mA/cm2

compared to about 1 mA/cm2).23 In this thesis a balanced magnetron has been
used.

2.4 Film Growth

Growth of PVD coatings necessarily involve condensing of atoms on the
substrate surface, a situation that can be pictured as what happens inside the
saucepan lid when boiling water. This condensing process may be divided
into three steps. First, the impinging atom transfers its kinetic energy to the
surface. Secondly, the adatom diffuses on the surface until it finds an
energetically favourable site where it may be trapped. During this second step
a third process, re-evaporation or desorption, is possible.

Already in 1969 Movchan et. al.24 discussed how surface-, grain boundary-
and bulk diffusion influence film morphology of metal coatings. In the first
zone were the homologue temperature (T/Tm, where T is the substrate
temperature and Tm the melting temperature, all in K) is < 0.3 neither surface
nor bulk diffusion is high enough. Adatoms will therefore have very low
mobility on the surface, which may results in a columnar structure with voids
in the grain boundaries due to shadowing effects. In the second zone,
0.3 < T/Tm < 0.5, the surface diffusion high enough to give smooth and dense
coatings. In zone three were T/Tm > 0.5, bulk diffusion may promote coatings
with equiaxed grains.

The model by Movchan et. al.24 have later been developed by Thornton25 by
adding a third dimension, expressed in terms of the sputtering pressure, see
figure 2.2. As the chamber pressure determines the mean free path for all
species, a high chamber pressure relates to a low energetic flux, as travelling
species (sputtered atoms and back-reflected neutrals) will lose energy by
interactions with other species.
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Fig. 2.2. Schematic representation from ref. 25 showing the influence of substrate
temperature and argon pressure on the microstructure of metal coatings
deposited by magnetron sputtering. T/Tm is the homologue temperature, where
T is substrate temperature and Tm is the melting point of the coating material,
both in K.

Concerning charged species, ions, the normal way to change the energy is
made by applying a negative voltage, bias, in order to accelerate positive ions
onto the film surface. One effect of this energetic bombardment is an
enhancement of the adatom mobility on the surface, an effect similar to an
increased deposition temperature. This enhanced mobility facilitates the
development of structures related to higher diffusion rates at lower deposition
temperatures, see figure 2.2, where every zone are extended to lower T/Tm at
lower sputtering pressures (equal to higher energy). Thornton also included
an additional zone, zone T, the transition zone between zone 1 and 2.
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3 SYNTHESIS OF COATINGS IN THIS WORK

3.1 The Deposition Chamber

In this work all coatings were deposited in a PVD unit (Balzers BAI640R),
see figure 3.1, equipped with a d.c. magnetron sputtering unit and an electron
beam gun. All TiB2 coatings as well as the Cr/CrN multilayers are deposited
using the d.c. magnetron sputtering source, from TiB2 and Cr targets.
Electron beam evaporation has only been used for reactive deposition of TiN,
which was used as a reference coating in paper I, VI and VIII. The deposition
system is also equipped with a low voltage high current plasma arc source
located on the chamber wall to enhance ionisation of the reactants above the
evaporation crucible. In this particular deposition chamber the working gas
pressure is typically held at 3x10-3 mbar and the distance between the target
surface and the substrates is approximately 5 cm. Generally the target is
regulated on power. However, typically for magnetrons are their constant
voltage characteristics. In this case was the target voltage (discharge voltage)
approximately �500V independently of discharge current.

Fig. 3.1. The coating equipment used in this thesis. A Balzers BAI 640 R equipped with
a planar d.c. magnetron sputtering unit and an electron beam source.
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3.2 Specimen Preparation

In order to make the films adhere well to the substrates it is needed to
carefully clean the surfaces before the film deposition. Therefore all
substrates were cleaned in four steps, two ex-situ and two in-situ. The first
two steps are cleaning in ultrasonic baths of alkali wash and alcohol,
respectively. This ex-situ cleaning is meant to remove all visible signs of dirt
from the substrate surface, i.e. oil, grease, dust, fingerprints, etc. The samples
are then inserted into the chamber for the two-step in-situ cleaning. The
chamber is evacuated to a pressure of 2x10-5 mbar, and the substrates are
heated to 450°C for about one hour. This process mainly removes, water
molecules, which are adsorbed on almost all surfaces. During the last step of
cleaning, called ion-etching or Ar+-sputtering, Ar+ ions are accelerated by the
applied substrate bias potential Vs onto the substrates. In this thesis
Vs = −200 V was used. In the ion-etching process, the last traces of surface
impurities are removed, for example oxides or chemisorbed nitrogen and/or
carbon atoms.

3.3 Plasma Potential

The potential (voltage) distribution in a glow discharge is schematically
shown in figure 3.2. The secondary electrons emitted from the target (as well
as from the substrate), will be accelerated away from the target because the
negative voltage applied. This lower electron density will imply a lower
ionisation and excitation rate of the gas atoms, which in turn appears as less
intense glow. The width of those regions, called dark space, depends on the
ion current density, the potential fall and the pressure, but are typically in the
region of a few mm to a few cm. Since the mobility of electrons in the
plasma is much higher than the mobility of ions, the electrons will reach the
borders of the plasma at a higher rate than the ions. Consequently, a positive
potential will build up between the plasma and the chamber walls, substrates
etc. Thereby it will not be energetically favourable for electrons to leave the
plasma, since the chamber walls are more negative than the plasma. Thus, the
plasma will always have the highest potential, called the plasma potential,
Vp, in the system. The plasma potential will be a few volts more positive than
i.e. chamber walls. If an electrically insulated surface is inserted into the
plasma, a steady-state condition will be reached, i.e. the rate of electrons is as
high as the rate of ions hitting the surface. This potential at which the
electron and ion flux are similar, is called the floating potential, Vf. The
floating potential is normally a few volts lower than Vp.
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Fig. 3.2. Schematic illustration showing the potential variation in a typical d.c. glow
discharge.

3.4 The Positive Bias Coating Process

In this thesis (papers III-VIII) a positive substrate bias have been used instead
of the normal negative one, giving an electron and low energetic ion
bombardment of the film surface. It is clear, both from paper III and VI, that
the quality of TiB2 films grown with electron bombardment is superior to
film grown without. It is also evident, from paper III, that the use of electron
bombardment significantly reduce the residual stresses that develops during
growth, this is further discussed in § 4.2.

This technique, to increase the potential of the substrates above ground level
has a major effect on the growing conditions for the film. The usual ion
bombardment of the growing film is minimised and instead an extensive
electron bombardment of the substrate starts. In this case, as discussed above,
Vp will automatically be adjusted a few volts more positive, in order to retain
a steady state condition between the electron and ion flux out from the
boundaries of the plasma. Therefore, it will still exist a potential drop from
the plasma to the substrates, which will slightly accelerate the positive ions. It
is until now relatively unknown what influence an electron current have on
surface mobility, but most likely it will enhance the adatom mobility due to
energy input to the absolute outer surface during film growth. Another
possible effect is an increased desorption of adsorbed hydrogen. Some work
has been done in surface chemistry implying that electrons could catalyse
chemical reactions on surfaces.26-28 The change of sign on the substrate bias
voltage has also a strong effect on the plasma confinement in the deposition
chamber. As already mentioned conventional balanced magnetron sputtering
have their plasma confined close to the target surface, as shown in the left
pictures in figures 3.3 and 3.4. However, if electrons are attracted close to the
substrate an increased ionisation of working gas will occur in this region.
This will of course enhance the plasma confinement in the substrate region as
shown in the right pictures in figures 3.3 and 3.4.
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Fig. 3.3. Schematic illustration showing how a positive substrate voltage attracts
electrons from the plasma, thereby increasing the ionisation of the Ar-gas in
the substrate region, i.e. the resulting plasma is much more delocalised from
the target surface.

 

Fig. 3.4. Plasma characteristics above a TiB2-taget working at 6 kW with an argon
pressure of 3x10-3 mbar. The substrate, a high speed steel Viking, is biased
negative in the left picture and positive in the right picture.
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4 PROPERTIES OF THIN COATINGS

4.1 Growth and Phase Composition of TiB2 Coatings

The process conditions influence the main crystallographic orientation of the
grains and the morphology, i.e. shape and size of the grains, the smoothness
of the coating and the presence of porosity/voids.

A working gas pressure of 3x10-3 mbar has been used in this work. At this
pressure the average distance an atom can travel without interacting with
another atom is about 5 cm, to be compared with the distance from target to
substrate of 5 cm. When the mean free path is about the same as the distance
from target to substrate, the columns tend to be oriented towards the target.
This type of growth can bee seen in paper V, where a film was grown on a
substrate with the surface oriented 90° away from the target surface, a so
called off-axis position. The resulting coating morphology is tilted 45° from
the substrate surface normal, see figure 4.1. This is a result of sputtered atoms
having only a few interactions with other atoms during the transfer to the
substrate, and therefore the flux of atoms have a high degree of directionality.
If this is combined with a high surface diffusion rate, but a low bulk diffusion
rate, a morphology as shown in figure 4.1 may develop.

Fig. 4.1. Morphology of a TiB2 coating grown with substrate surface oriented 90° in
respect of  target surface normal. (Paper V)

X-ray diffraction (XRD) was used to determine film phase composition, as
well as film texture, i.e. if the crystals in the film are aligned in some
preferred orientation with respect to the substrate. Crystal texture is very
common in PVD films and is influenced by deposition parameters. However,
in case of d.c. sputtered TiB2 films, the same strong (0001) texture develops
independently of deposition parameters, i.e. growth of basal planes parallel to
the substrate surface, see paper I, III and IV. This texture is commonly
obtained for TiB2 coatings also in other works.
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Texture can often be attributed to a minimisation of surface free energy. It
has been observed that if the film grows with a texture due to minimisation of
surface energy, texture develops very early, virtually without any initial
nucleation zone near the substrate.29 In the case of sputtered TiB2 coatings it
is shown in paper IV that such direct texturing at the substrate/coating
interface does not occur. Instead it seems that the texture develops gradually
during film growth. Therefore, it is not likely that the minimisation of surface
energy, alone, is the reason for this texture development.

Another common texture selection criteria is that orientations growing fast
will outgrow other orientations, i.e. survival of the fastest growing or
evolutionary30 growth. For hexagonal compounds, such as TiB2, the [0001]
direction is the fastest growing.30,31 The fact that the texture in the TiB2
coatings develops gradually, as shown in paper IV, favours this mechanism
for development of the texture. However, some reconstruction of the growing
surface does of course occur, as it is not physically possible to grow
alternating layers of B and Ti. The overall driving force of this reconstruction
must be to minimize surface free energy.

In paper IV it is shown that for d.c. sputtered TiB2 coatings the nucleation of
the film is random. However, after the initial nucleation layer (approximately
50 nm) the film morphology is very much coupled to deposition parameters.
This is shown in figure 4.2 where the morphology of films grown with
positive and negative bias are compared.

For TiB2 coatings with a melting point of 3225°C,16 and typical deposition
temperatures ranging from 350°C to 500°C, the homologue temperatures is
between 0.18 and 0.22 during growth. This is far below 0.3 usually referred
to as a lower limit for grain boundary diffusion to be active.32 It is therefore
likely that any structural changes are coupled to other effects than the
deposition temperature, such as ion- or electron bombardment.

There are other effects related to energy or more correctly, the momentum, of
impinging species. The perhaps most important one is the development of
residual stresses, which are further discussed in § 4.2.
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Fig. 4.2. Cross-sectional transmission electron images of two d.c. magnetron sputtered
TiB2 coatings deposited on cemented carbide substrates (the dark part of the
picture) with different type of surface bombardment. In the left picture ions
have been hitting the growing film, in the right picture electrons have impinged
on the growing film. Note the thin (about 50 nm) nucleation zones near the
substrates.

4.2 Residual Stress

The mechanical performance of PVD coatings is to a high degree coupled to
the stresses that usually are built up during growth. It is well-known that if
the residual stress level in the coating is high there will be a significant force
acting to delaminate the coating from the substrate at component edges and
along grinding groves, cp. figure 4.3. This pre-load on the coating/substrate
interface will, if compressive, reduce the critical load for peeling of the
coating, i.e. the practical adhesion of the coating. Similar observations are
made in paper II, but in this case the stress miss-match between phases in a
multilayer causes cohesive spalling.
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Fig. 4.3. An example of how a highly stressed TiB2 coating (-10 GPa) has spalled off
along a grinding ridge in the substrate, from ref. 33.

The origin of residual stresses in PVD films can be divided into two
components, a thermal and an intrinsic contribution. The thermal
contribution origins from the fact that the thermal expansion differs between
the coating and the substrate. Hence the shrinkage of the coating will be
different from that of the substrate material during cooling down after
deposition. The thermal component is easily calculated using equation 2

( ) ( )
ν1

E
TTαασ

c

c
roomdepscthermal −

⋅−⋅−= (2)

where αc and αs are the respective coefficients of thermal expansion of
coating and substrate, Tdep and Troom denote the deposition and room
temperature, respectively. Ec and νc are the Young�s modulus and the
Poisson�s ratio of the coating material.

For TiB2 coatings typical values are: αc = 3.6x10-6 K-1 (from ref. 18), Ec

approximately 600 GPa from (paper IV), and νc approximately 0.2. In this
work the TiB2 coatings were deposited onto cemented carbides (αs = 5x10-6

K-1) at approximately 450°C. This gives a thermal contribution of about
−0.5 GPa. As shown in paper I and III, the residual stress level can differ
significantly from this value, indicating that the intrinsic stresses can be
significant in some cases.
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4.2.1 How to Reduce Residual Stresses

During film growth energetic ions, neutrals and electrons impinge the film
surface, generating displacement of atoms in the film by series of primary
and recoil collisions. The energy needed in order to move an ion from its
lattice site is called the displacement energy ED. Very few reliable data are
available in the literature of ED but an estimate for Ti could be 20-30 eV. If
the mass transport and defect mobility are low the volumetric distortion will
freeze in place resulting in strains in the film material. This effect is more
pronounced for film materials with strong bonds than for metallic materials.34

It is conventional to use a negative substrate bias in order to attract ions to the
growing film and thereby increase surface mobility. However, as these ions
have a high momentum they are also a large contributor to the displacements
inside the film. In paper I and III it is shown that by varying the substrate
bias, i.e. the energy and momentum of ions hitting the growing film, it is
possible to reduce the stresses from very high, i.e. -10 GPa, to almost zero.
Other ways to accomplish a stress reduction is to use a heavier sputtering gas
than argon. As shown in paper I as well as in other references such as
35 and 36, the energy transfer to the target material during impact increase
with the atomic mass of the working gas, in that way decreasing the energy
of back-reflected working gas neutrals.

In paper II it was concluded that one way to reduce the intrinsic stresses in a
TiB2 coating is by multilayering TiB2 with a ductile metal, in this case Ti.

Another non-conventional way to minimise the intrinsic stress component
was applied in paper III. The coatings in this paper were deposited using a
positive substrate potential in order to minimise the energetic ion
bombardment of the growing film. Instead an electron current from the
plasma to the substrates increased the substrate temperature as well as the
surface mobility. Both these factors contribute to an increased mass transport
as well as defect mobility in the growing film. In essence, in this way it was
possible to grow TiB2 films without the intrinsic stress component by
minimising ion bombardment but maintaining a high surface mobility of the
growing film.
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4.2.2 Measuring Residual Stresses

In the present work the residual stress was determined using the plate
deflection method.37

This method utilise the fact that a sufficiently thin coated substrate will
deflect due to the stress in the coating. Two different techniques can be used,
either thinning of a thick coated substrate and thereafter measuring the
deflection or deflection measurement of pre-thinned coated substrates. In
both cases the stress level (σres) can be calculated using the Stoney equation38

shown below.
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In this equation rc is the radius of curvature of the coated substrate and rs is
the radius of substrate curvature for an uncoated substrate of the same
thickness, tc the coating thickness, ts the substrate thickness, Es and νs the
elastic properties of substrate. It is important to note that this equation is only
valid if ts/tc > 100.39 The most important benefit of the Stoney equation is that
no information about the coating elastic properties are needed.

4.3 Hardness

Hardness, H, can be defined as the resistance against plastic deformation
expressed in terms of the mean pressure between an indenter and the sample

A
PH = (4)

where P is the applied load and A the contact area.

For many materials the hardness is about 3 times the yield strength.40 More
precisely, hardness should be taken as a measure of the average stress in
compression in the plastically deformed zone beneath the indentation.

4.3.1 Hardness of Thin Hard Films

For covalently bonded materials hardness is at high degree related to the
bonding strength, while for metallic and ion bonded materials hardness
depends more on properties such as grain boundaries, precipitates and
defects.
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The high residual compressive stress state of the TiB2 coatings in paper I and
III is an indirect result of high hardness/yield strength. For example, in paper
III superhard TiB2 coatings with hardness values of about 55 GPa has been
deposited (for comparison diamond is generally about 100 GPa and a tool
steel about 4-9 GPa). This in turn means that dislocation glide and/or self-
diffusion is difficult to accomplish. That is, at the used deposition
temperature it is not possible to anneal out any large amount of defects
created during film growth. However, as shown in paper III, it is possible to
maintain a high hardness in combination with a low compressive residual
stress. I propose that this is caused by the small grains of these coatings, as
shown in paper IV, and a maintained (or improved) strength of grain
boundaries, thereby avoiding grain boundary sliding. This is similar to the
explanation for the good properties of nanocrystalline films.

To summarise, hardness of thin films depends on extrinsic properties as grain
size, grain boundary strength and content of defects as well as on intrinsic
properties as bond strength and bond length.

4.3.2 Hardness Testing

In conventional hardness testing an indenter makes an impression in the
material and afterwards the contact area is measured. The hardness is then
usually calculated using equation 4. A commonly used indenter is the Vickers
indenter, which is a four-sided pyramidal diamond.

However, since most PVD films are very thin and have high yield strength
and Young�s modulus in comparison with the substrate materials, the indents
must be made small in order to measure solely the film properties. In paper X
it is shown that the substrate material starts to influence the hardness values
when the indentation depth is about 10% of coating thickness for a ceramic
PVD coating.

Nanoindentations is used to measure hardness from small impressions. Much
lower loads (0.1 � 50 mN) are applied than using conventional Vickers
indentation, (lower limit of 50 mN). Normally in nanoindentation a
Berkovich indenter is used. This is a three-sided diamond tip with same
relationship between indentation depth and contact area as of the Vickers
indenter.

In nanoindentation testing is the load bearing area derived from the
penetration depth and not by post-examination of the residual impression. By
continuously recording the load and displacement data it is possible to obtain
a load vs. displacement curve, see figure 4.4 right. From this curve, both the
coating hardness and elastic modulus can be calculated.
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The nanoindentation hardness is calculated using the equation

A
P

H max= (5)

where Pmax is the peak load, and A is the projected contact area. A is a
function of the contact depth (h), see figure 4.4 left. Since, the shape of the
indenter will always deviate from the ideal Berkovich geometry, it is
necessary to calibrate this so called area function. In this work, the
calibration of the area function was done according to the procedure
described by Oliver and Pharr.41 As illustrated in figure 4.4 left the hardness
would always be underestimated if A is calculated directly from the
maximum depth h. This is due to the mixture of elastic and plastic
deformation during an indentation. In order to differentiate the elastic
deformation from the plastic, it is assumed that the contact area during the
initial unloading is constant. From this part of the unloading curve, the
combined stiffness S of the system and sample is determined, see figure
4.4 right. The stiffness is related to the Young�s modulus by equation 6.
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where Er is the reduced modulus given by
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In equation 7, E and ν denote Young�s modulus and Poisson�s ratio of the
coating. Ei and νi are the same parameters of the indenter.

Consequently, nanoindentation also allows to measure the Young's modulus
of the film, using equation 7.

However, for many materials the unloading curve deviates strongly from a
straight line. Oliver and Pharr41 developed a method to account for such
behaviour by relating P and the elastic unloading distance (h-hf) with a power
law, see equation 8, in which α and m are constants and hf is the plastic
indentation depth.
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Fig. 4.4. Schematic representations from ref. 41 of left) a cross-section through an
indentation, and right) a load-displacement curve.

( )hhP f
m−⋅α= (8)

By fitting experimental data from the upper part, e.g. the upper 50% of the
unloading curve to equation 8, values of α, m and hf are obtained for the
specific indentation. The stiffness S is then obtained as the tangent of
equation 8 at initial unloading.

The plastic contact depth hc is then derived from equation 9.

S
Phh

max

maxc
⋅ε−= (9)

where ε is an indenter shape constant, which is 0.72 for a Berkowich tip, and
hmax the total displacement under maximum load. Finally, the hardness can be
calculated with equation 5 when hc is known and using A=F(hc).

The possibilities of making small impressions using nanoindentation are
exemplified in paper X. In this study a technique with polished taper-section
of a multilayer film combined with nanoindentation made it possible to
resolve hardness variations within the film. Such measurements are very
useful in order to discern whether macroscopic mechanical properties of the
coating components are preserved when they are made thinner or not.
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5 TRIBOLOGICAL PROPERTIES

5.1 Adhesion and Cohesion

A sufficient adhesion of the coating to the substrate as well as a sufficient
internal strength, i.e. cohesion, are crucial for a protective tribological
coating. In this thesis the coating adhesion and cohesion have been evaluated
using scratch testing. The procedure involves a diamond stylus (Rockwell C)
with a tip-radius of 200 µm that is slid against the coating with a
continuously increased normal load. Each point along the scratch will
therefore correspond to a certain normal load. The scratch is later inspected
for any sign of damage such as cohesive fracture or detachment, and the load
corresponding to the onset of this damage is named �critical load�.

Nowadays, the adhesion of PVD coatings is no problem, as the importance of
proper grinding and pre-cleaning of the substrates is well-known, see § 3.2.
However, if the residual stress in the coating is high, the interface will have a
high "pre-load", resulting in a low practical adhesion. This means that a
relatively low external force is needed to spall off the coating. The most
critical areas for this mechanism are substrate edges. Therefore, the work
presented in paper III and V illuminates how these problems can be solved.

As shown in paper I and VII, the cohesive strength of the TiB2 coatings is
somewhat lower than that usually obtained for good TiN coatings. The
combination of very high values of hardness and Young�s modulus makes
TiB2 rather brittle, as the elastic strain to failure42 (H/E) is rather low. This
has to be considered when considering potential applications. However, as
shown in paper III and VI, the cohesive strength of TiB2 coatings can be
improved by applying a positive bias voltage to the substrates during film
growth.

5.2 Wear Resistance

The abrasive wear resistance, or resistance against wear during scratching, is
generally regarded to increase with hardness. In order to determine the
intrinsic abrasive wear resistance of a thin ceramic coating accurately
(without influences from the substrate) a method named the dimple-grinder
test43 has been used throughout this thesis.

In dimple grinding, abrasive particles driven by a rotating stainless steel
wheel grind a spherically shaped wear scar into the rotating sample under a
load of 20 g. The abrasives used in this thesis were 2.5 µm diamonds. After a
fixed number of revolutions the worn volume was measured and the wear
rate of the coating calculated using the following equation derived by
Kassman et. al in ref. 43.
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S is the sliding distance and L is the applied load. Vc and κc are the wear
volume and load specific wear rate of the coating. Vs and κs are the
corresponding parameters for the substrate. Knowing the substrate wear
resistance and the coating thickness, the coating wear rate could easily be
calculated from the measured wear volume. This volume was measured with
an optical profiler, a Wyko NT-2000. Usually the wear resistance Ω, which is
the inverse of the wear rate κ, is presented.

The wear resistance of the single layered TiB2 coatings was shown to be
high. Only diamond coatings displayed a higher wear resistance. The most
wear resistant TiB2 coatings were about 10 times better than TiN, see paper I
and III. This exceptional wear resistance is mainly a result of the very high
hardness of the TiB2 coatings, about 55 GPa.

Another aspect of improving the abrasive wear resistance of protective
coatings was studied and modelled in paper IX. In this investigation a model
for the abrasive wear resistance of multilayer structures is presented.
Multilayers of Cr/CrN with lamella thicknesses ranging from 20 nm to 1000
nm where produced and their hardness and wear resistance where compared
with single layers of Cr and CrN. Higher wear resistances where found for
the multilayer coatings than of either pure Cr or pure CrN, see figure 5.1.
This is remarkable since all multilayers have hardness values in between
those of Cr and CrN. Evidently, there is a symbiosis effect for the abrasive
wear resistance when layering these two different materials.

Fig. 5.1. Hardness and abrasive wear resistances of Cr/CrN multilayers with different
lamella thicknesses. The values for the single layer coatings are indicated near
the axes. (Paper IX)

An inspection of the worn craters revealed a waviness, suggesting different
wear resistance in different parts of the coating. Further, it was concluded
that the highest wear resistance was not associated to the hard CrN or the
ductile Cr, but to the thin layers of Cr directly on top of each CrN lamella.
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The improved wear resistance of this layer was suggested to be due to the
combination of a ductile material with a firm support. This material property
will result in shallow abrasive scratches where most of the displaced material
still sticks to the surface. A modification of Archard�s wear equation44 was
presented, which includes wear resistances of three zones in the coating, each
with a different wear resistance Ω. By applying the model to experimental
data, it was concluded that an accurate prediction of wear resistance as a
function of lamellae thickness could be made, see figure 5.2.

There are mechanisms of wear other than the ones coupled to scratching. One
of these mechanisms involves material transfer in a sliding contact. If one of
two sliding components, the one without a protective coating (hereafter
called work material), has a tendency to adhere to the coating material two
major problems can occur. Firstly, if material transfer occurs, usually referred
to as galling, the geometrical tolerances needed in most of these contact
situations can not be maintained. Secondly, if the work material sticks
strongly to the coating the friction coefficient will increase and,
consequently, high shear forces will act over the coating/substrate interface.
This may eventually lead to delamination of the coating.

Fig. 5.2. Wear resistance versus lamella thickness. Experimental points and model
curve. Note that the model is able to describe the improved wear resistance
obtained by multilayering, which no simple rule of mixture can. (Paper IX)
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5.3 Simulation of Tooling Applications

Aluminium is often difficult to machine and form due to its very strong
tendency to adhere to the tool surface. However, in papers VI-VIII it is
shown that magnetron sputtered TiB2 coatings can significantly reduce both
the adhesion tendencies and the friction coefficient against aluminium, in
comparison to commercially available PVD coatings, such as TiN, Ti(C,N)
and (Ti,Al)N. It is also noted that wear of this coating can be dramatically
lower than for TiN, both at low (paper VI) and high temperatures (paper VII).
In fact, in these tests virtually no wear of the TiB2 coatings was detected. It is
believed that the improved properties must be due to the very low solubility
of aluminium in TiB2 and vice versa.

In paper VII an extrusion test rig is utilised to simulate aluminium extrusion
in a realistic way. An aluminium cylinder was slid against a coated specimen,
simulating the extrusion die. The temperature was kept at about 550°C, a
typical level for aluminium extrusion. From these experiments, it is clear that
the TiB2 coating is superior to commercial coatings of TiN, Ti(C,N) and
(Ti,Al)N if wear and adhesion tendencies are considered. Only the
commercial (Ti,Al)N coating was comparable with respect to wear
resistance, but its tendencies for adhesion was much more severe.

In paper VIII, TiB2 coatings were evaluated in sliding contact against an Al-
alloy and two other materials known for their problematic tribological
behaviour. In this test, two crossed, elongated cylinders are forced to slide
axially against each other at a constant sliding speed and a gradually
increasing normal load. The principal test configuration is shown in Fig. 5.3.
The test is distinguished from traditional tribological tests by the fact that
each point along the sliding track of both cylinders will experience a unique
load. Thereby, each point along the track will display a unique tribological
history after test completion, which facilitates the determination of any
critical load or level of critical friction coefficient for galling, seizure, surface
fatigue, coating failure, etc. The test was evaluated by examining how
friction, transfer of counter material, and surface roughness correlate to the
normal load.
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Fig. 5.3. Principal configuration and a single stroke sliding motion of the test cylinders.
a) At the starting position, the cylinders make contact under the initial load. b)
An intermediate position where the lower test cylinders has slid against the
fixed upper cylinder during a continuously increasing normal load. c) End
position of the test cylinders. The sliding track is shown as a dark broadening
band on the lower cylinder. The inserted diagram shows schematically how the
normal load increases during one test. (Paper VIII)

Here, rather disappointingly, it was found that the superior behaviour of TiB2
against aluminium is not found against a titanium alloy (Ti6Al4V) and a
nickel based alloy (Inconel 718). Inconel contains iron, and TiB2 is known to
have a rather high solubility of iron compared with for example TiN. Kramer
et. al.45 predicts the chemical dissolution wear rate of TiB2 to be about 4000
times that of TiN in contact against ferrite at 500°C. This result also indicates
that coatings with a low mutual solubility with the counter material should be
preferred in these contact situations.

Another finding from the work reported in paper VIII was that as long as a
pick-up layer forms and completely covers the coatings, the measured
friction force FT is determined only by plastic properties of the counter
materials. The friction was calculated by the classical Bowden and Tabor
assumption that the friction has an adhesive shear component and a plowing
component.40 Then, by simple plastic and geometrical considerations it was
found that the FT could be calculated with unexpected accuracy by measuring
the hardness HV and the width of the sliding track wcm of the counter
material. The final expression is shown in equation 11.








 +π⋅
=

d
w

324
wHV

F cm
2
cm

T (11)

The error in the predictions from equation 11 showed to be less than 10%.
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6 CONCLUSIONS
The following major conclusion can be drawn from this thesis.

•  Against aluminium, TiB2 is proved to be superior to all other commercial
coatings as to high wear resistance and low tendency for sticking.

•  PVD TiB2 as a coating material can be made with very high hardness
(above 50 GPa) and correspondingly high abrasive wear resistance. This
is beneficial in machining or forming of aluminium alloys with hard
inclusions, i.e. aluminium oxides or silicon carbides. An abrasive wear
resistance of TiB2 as high as 10 times that of a TiN coating was found.

•  A technique to deposit d.c. magnetron sputtered TiB2 coatings by
utilising a positive substrate bias proved to significantly reduce the
residual stresses in the coating, if compared to TiB2 deposited with
negative substrate bias.

•  Taking advantage of the low residual stresses, obtained when using
positive substrate bias, it is possible to grow TiB2 coatings with
thicknesses of at least 60 µm.

Two models

•  By multilayering a hard ceramic phase with a ductile metallic phase it is
possible to increase the abrasive wear of the coating above that of each
material used as a monolayer. A model predicting this behaviour is
proposed.

•  If a complete layer of counter material transfers to the surface of a hard
coating, which was the case for Al-, Ti-, and Ni-based alloys in this
thesis, the friction force is determined by plastic properties of the
transferred material. This statement is supported by a simple model,
which not only can predict the relative ranking between the three alloys
as to friction coefficient, but also proved to accurately estimate the
friction levels. Input parameters are obtained from the contact geometry
and the hardness and width of the sliding tracks for the soft counter
material.
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7 FUTURE WORK
The following assumptions are suggested as subjects of future studies.

•  It should be possible to extend the concept of positive bias to include
growth of other difficult materials such as cBN, CxNy, etc.

•  The tribological properties of PVD TiB2 are probably not yet optimized.
By utilizing the concept of pulsed bias, including both positive and
negative cycles, it should be possible to taylor eg. the residual stress for a
given application.

•  There is also an obvious potential to further improve PVD TiB2 by
introducing the concept of multilayering.

•  Results of this thesis also suggest that TiB2 should be a very good
alternative as the top coating for duplex treatment.

•  Finally, almost stress free state of the TiB2 coating produced with
positive bias makes it possible to grow this coating to very large
thicknesses. Consequently, applying thick TiB2 coatings could even
replace duplex treatment.
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