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1 Introduction

High technology applications require special material properties which can not be satisfied by
the bulk material solely. To achieve surface properties that differ from those of the bulk mate-
rial, thin film technologies are used. The deposition of hard thin films on a substrate is, for
example, a common technology to improve the performance of cutting tools but also of vari-
ous dies and molds. One of the various methods for depositing a thin film on a substrate is
physical vapor deposition (PVD) which is widely used to produce wear protective
coatings [1].

To further increase the profitability, the industry demands a reduction of costs and conse-
quently a reduction of machining time [2]. This affects on the one hand the cutting parame-
ters, which need to be increased, and therefore also the development of hard coatings, which
need to be improved to extend the lifetime of the tools. On the other hand, the coatings also
need to be deposited efficiently. For that reason the deposition process has to be optimized,
where the required targets play a decisive role.

There are various kinds of targets for sputter processes applied in industry, which can be syn-
thesized by different processing techniques. For the present work, powder metallurgically
produced targets were compared with mosaic targets. The powder metallurgical targets were
titanium aluminum targets consisting of separated titanium and aluminum phases, where tita-
nium grains are embedded in an Al matrix. The mosaic targets are cast and made of pure tita-
nium with drilled holes which are filled with aluminum inserts. In either case the total thick-
ness is 10 mm, but in case of the powder metallurgical targets the usable sputter area is
10 mm thick, while in case of the mosaic targets the compound is just 6 mm thick and fixed
on a 4 mm thick copper back plate. Therefore, the erosion track of the powder metallurgical
targets can be deeper and consequently the target lifetime is longer. To elucidate if there are
further advantages of the powder metallurgical targets in comparison to the mosaic targets,

coatings are deposited on high speed steel substrates and subsequently characterized.

However, with the utilized industrial-size sputter device up to date only mosaic targets have
been used. Thus, first of all, the deposition process has to be optimized for the powder metal-
lurgical targets. For that reason, variations of the target sputter power and the nitrogen partial
pressure have to be done. For the deposition of the coating with the mosaic targets, a well
established standard process is available.

The implemented sputter process for the powder metallurgical targets is compared within this
thesis to the commercially applied mosaic target process by taking into account the sputtering

yields of Ti and Al and the respective deposition rates. A higher deposition rate reduces the
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process time needed to obtain the desired film thickness. Thus it is preferable with respect to

the efficiency of the coating process.

As coating properties are strongly influenced by the deposition parameters, the obtained coat-
ings are compared to each other with respect to their thickness, structure, preferred orienta-
tion, domain size, film adhesion, hardness, Young’s modulus, residual stresses and tribologi-

cal properties.
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2 Physical Vapor Deposition

2.1 Fundamentals of Physical Vapor Deposition

Hard coatings provided by physical vapor deposition (PVD) on cemented carbide or high
speed steel (HSS) substrates are well established in wear protection [1]. PVD comprises dif-

ferent deposition techniques which are all based on the same three main steps:

1. Formation of vapor
2. Transportation of the vapor from source to substrate

3. Condensation, nucleation and growth of the film on the substrate

Due to the different physical methods of transferring the material which should be deposited

to vapor a classification of PVD processes can be done (fig. 2.1):

e Evaporation (thermal, e.g. electron beam, laser beam, arc discharge)

e Sputtering (bombardment of the solid deposition material with positive gas ions)

¢ Jon Plating (combination of evaporation and sputtering, ion bombardment of the sub-
strate to improve the properties of the film)

Vacuum Chamber Working Gas Working Gas y
| — L

Substrate T Substrate Substrate

| Evaporator | 1 Evaporator 1
Power J?“ Pump —]?— JIL fi—
Supply A,

Evaporation Sputtering lon Plating

Fig. 2.1: Schematic description of the three basic PVD processes [3].

The outstanding qualities of these processes are the versatility of both potential substrate and
potential film materials. It is possible to deposit nearly every kind of inorganic materials (e.g.
metals, alloys, compounds), as well as several organic materials [4]. All three PVD processes
offer the alternative of reactive deposition; i.e., that a reactive gas is injected into the vacuum

chamber which forms a chemical compound with the evaporated or sputtered material [5],
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resulting in a wide range of possible compositions of the film. Another benefit is the high
process flexibility which can affect the microstructure significantly. Besides, PVD-coatings
exhibit an excellent bonding to the substrate and can be deposited at very low process tem-
peratures [4]. The thickness of the film can vary from several Angstrom to a few millimeters
at sputtering rates in the range of Angstrom up to 75 um per minute [4].

The films deposited and analyzed for this diploma thesis were produced by sputter deposition.

Thus, the following discussion is focused on this method.

2.2 Sputtering

In sputter deposition processes the solid deposition material, called target, is transferred to the
vapor state by bombarding its surface with energetic ions (e.g. Ar"). This procedure is based
on energy and momentum transfer from the impinging ions to the surface atoms of the target.
There are several possibilities of interaction, for example direct ejection of surface atoms or
the possibility of a sequence of collisions between ions and atoms or atoms among each other
(fig. 2.2). If the energy of the scattered atoms of the collision sequence is higher than the sur-
face binding energy, surface atoms can be ejected. The ejected particles are mainly neutrals.

The number of target atoms ejected per incident ion is termed sputtering yield [4, 6].

Incident
Sputtered lon
Atom Sputtered
’\ / Atom
OQ\OC, 3%3\ O
/ N
\ J \:\Low Energy
‘v \ Knock-on
OOOQ ™ primary
N Knock-on
Lattice
Atoms

Fig. 2.2: Schematic of the basic momentum transfer processes during sputtering [4].

In fig. 2.3 the setup of a DC sputtering system is shown. As indicated, the target and the sub-
strate are positioned in a high or ultrahigh vacuum chamber. To provide the ion bombard-
ment, inert gas is induced to the vacuum chamber until pressures of about 0.1 to 1 Pa are
achieved. Then a glow discharge is ignited by applying a voltage of 0.5 to 5 kV between the
target, which acts as the cathode, and the substrate holder, which acts as the anode. In this
way ionization of the working gas is achieved in the surrounding of the target. This ionized

working gas is called plasma [4].
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Fig. 2.3: Schematic of the sputter deposition process [4].

A major attribute of sputtering versus e.g. arc evaporation is that the evaporation in case of
sputtering is achieved by momentum transfer and not thermally, so almost every material can
be sputtered. By applying a DC voltage only metals can be sputtered, whereas with an RF
(radio frequency) voltage non-conducting as well as conducting or semiconducting materials
can be sputtered [5]. Another method of sputtering less conductive materials is pulsed DC

sputtering.

2.2.1 RF Sputtering

In order to have the possibility to deposit also insulating materials, RF sputtering was devel-
oped. There, an RF field is required which can be produced in two possible ways. One is to
use an inductor. The other, and more common, possibility is to assemble two cathodes in the
recipient and apply a radio frequency voltage. In this case one of the cathodes is coupled with
a capacitor. This method is based on the fact, that any surface that is capacitively coupled to
the plasma is charged negatively relative to the plasma. As a result of their higher mobility,
more electrons reach the electrode at the positive half-wave, than ions at the negative half-
wave. Thus, the electrode is negatively charged compared to the plasma. This is also called
self-biasing. If the radio frequency is sufficiently high, the ions cannot follow the temporal
variations of the voltage. In this way the target is continuously bombarded by ions, while only
during the short time when the target is positively compared to the plasma a lot of electrons
flow as a displacement current. Due to this displacement current also insulators and semicon-

ductors can be sputtered.
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RF-sputtering is widely used for producing multilayer coatings in semiconductor technology.

In this case there are two to four RF-targets assembled in the vacuum chamber [5, 7].

2.2.2 Bias Sputtering

In standard sputter deposition processes the substrate table is grounded. In case of bias sput-
tering, a negative DC voltage (fig. 2.4a) of about 50 to 100 V is applied to the substrate table,
such that the substrate is on negative potential compared to the plasma. Thereby, the growing
film is constantly bombarded with ions from the sputter gas and impurities are removed. The
impinging ions could, to a certain extent, be integrated into the film, which can be a disadvan-
tage. However, due to these impinging ions local heating of the substrate, called atomic scale
heating, is caused [5]. This local heating affects the mobility of the condensed particles posi-
tively and thus enhanced film properties can be achieved [5, 6, 7, 8].

U A
©,
o t
toffl tm‘ll tom tonZ
(a) Bipolarily Pulsed Bias Voltage

U A U A

I I t

(b) Unipolarily (c) DC

Fig. 2.4: Voltage/time diagram of (a) a bipolarily pulsed bias voltage, (b) a unipolarily pulsed
bias voltage and (c) a negative DC voltage [10].

A further improvement of the sputter deposition process is the so called pulsed bias sputter-
ing. There a pulse modulator is used, which biases the substrates using short-duration, repeti-
tive (100 Hz to kHz range) voltage pulses. The ratio between the time the bias is on to the
total time of a pulse cycle is called duty cycle. Charged particles are accelerated to the sub-
strate only during the time the bias is on. According to figure 2.4 a distinction has to be made
between unipolarily and bipolarily pulsed bias voltage. In the case of unipolarily pulsed nega-
tive bias voltage, the modulator biases the part to a high, negative potential (typically in the
range of 20 — 250 V). Thus it is possible to reduce the average substrate temperature due to
the reduction of the total ion-bombardment time [9]. By applying a bipolarily pulsed bias
voltage the substrate is alternately biased to a high positive and to a high negative potential.

By the time the substrate is on negative potential, the growing film is again bombarded with

6
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positive ions. On the other hand, while it is on positive potential, the film is bombarded with
electrons. This electron treatment does not influence the overall substrate temperature. The
advantage of using a pulsed bias source is that it is possible to deposit with higher bias volt-
ages, at lower temperature and to achieve dense films with beneficial properties such as e.g.
microstructure, film uniformity, adhesion and internal stress [9, 10, 11, 12].

2.2.3 Pulsed DC Sputtering

Pulsed DC sputtering is a further method for depositing insulating materials. Virtually it is a
combination between DC sputtering and RF sputtering. Pulsed DC sputtering is based on the
addition of a reverse voltage pulse to the normal DC waveform. As with RF sputtering, the
frequency has to be high enough so that the ions cannot follow the temporal variations of the
voltage. Pulse frequency and duty cycle can be varied to optimize the process. In the case of
pulsed DC sputtering, the cathodes are run with a pulsed DC power supply. The typical fre-
quency range is 10 kHz — 350 kHz. Similar to pulsed bias sputtering a distinction has to be
made between bipolarily and unipolarily pulsed DC voltages (fig. 2.4) [13, 14].

2.2.4 Magnetron Sputtering

During magnetron sputtering a magnetic field B is applied in the area between the target and
the substrate. Employing this field the electrons are trapped adjacent to the target. In this way
the ionization rate in this area can be increased, which consequently leads to increased sput-

tering rates and finally results in increased film growth rates.

The magnetic field B is produced by permanent magnets which are located behind the targets,
in a so-called magnetron. This field B superimposes the electric field E of the glow discharge.
As a consequence of the so called ExB drift, the charged particles are forced to follow a
closed-loop helical path along the magnetic field lines. Due to their higher mass, the ions are
hardly influenced by the magnetic field and follow a more distant path. Thus, only the elec-
trons are confined near the target, forming a circular current, also called race track. Together
with the electrons of the plasma secondary electrons, generated by ions impinging on the tar-
get, are concentrated near the target. Due to the high electron concentration, more sputter gas
atoms are ionized. In consequence of the high ionization rate, the sputter erosion of the target
takes place mainly within the area of the race track [6, 15].

It can be distinguished between balanced and unbalanced magnetrons (fig. 2.5). The assem-
blies differ in the course of the magnetic field lines between the outer and the inner magnets.
In a balanced magnetron (fig. 2.5a) all magnetic field lines loop above the target. An unbal-

anced magnetron (fig. 2.5b) is an assembly where the outer or inner magnet is stronger than
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the other one so that not all magnetic field lines loop between them. As a result there are
magnetic field lines which reach the substrate. Thus, the ionization rate in the area near the
substrate increases and the growing film is bombarded by low-energy ions and electrons. The
mobility of the condensed particles on the substrate increases, resulting in improved film
properties [6, 8].

Substrate Substrate

ot e

S e
e B e i
ol e e e e A
] e e e R R S R

’i’ N (b) N li' N

Fig. 2.5: Schematic of (a) a balanced and (b) an unbalanced magnetron [16].

(a) ]

In fig. 2.6 a balanced magnetron in circular planar configuration is shown. The closed loop
magnetic field lines, the area of erosion and the helical motion of the electrons as described
above are indicated.

area of erosion magnetic field lines
electric field, Eg|

B / cathode,
anode \ s (target)

cycloidal motion

magnetic poles pole shoe of electron

Fig. 2.6: Schematic of a planar magnetron in circular configuration [17].
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2.2.5 Reactive Sputtering
Among several other possibilities, such as multicomponent targets and different single ele-

ment targets, reactive sputtering is used to deposit alloys.

There, not all atoms of the film originate from the target, but at least one component of the
film originates from the gas phase. A particular fraction of reactive gas, for example nitrogen
Ny, is induced into the vacuum chamber additionally to the inert working gas. Three different
reactions are possible to form the compound [6, 7, 15, 18]:

1. Formation of the compound at the surface of the target and sputtering of this mole-
cules
Formation of a compound in the gas phase

3. Adsorption of the reactive gas on the substrate and subsequent reaction with impinging
atoms of the target

Since compounds formed on the target surface are assumed to be sputtered as single atoms
and because of the low probability of collisions between sputtered atoms, reactive gas mole-
cules and ions/electrons (needed to provide the energy for compound formation) in the gas

phase, reaction 3 is the most important one for compound film formation.

A benefit of reactive sputtering is that the stoichiometry of the deposited film can be modified
by adjusting the partial pressure of the reactive gas. With reactive sputtering it is possible to
fabricate various, even very complicated, compounds by employing simple metallic targets

and providing the other components in the gas phase [5, 7].

A disadvantage of reactive sputtering is the formation of compound films on the target sur-
face, often resulting in lower sputtering rates (i.e., the so-called target poisoning) [19].



Nina Juri 3 Thin Film Growth

3 Thin Film Growth

3.1 Nucleation and Growth

After evaporation and transportation of the vapor from the target to the substrate, the sputtered
atoms collide with the solid surface of the substrate. There they are either reflected or, if they
transfer enough energy to the substrate lattice, they become loosely bonded (fig. 3.1). These
loosely bonded atoms are called adatoms. The adatoms diffuse over the surface until they are
either desorbed, by re-evaporation or back-sputtering, or they reach other adatoms. In the sec-
ond case the adatoms build stable nuclei or condense at already existing nuclei. The first
process is termed nucleation. The nuclei are preferably formed at low energy sites, like for
example at steps, scratches or lattice defects in the surface. The mobility of the adatoms on
the substrate surface depends on their kinetic energy, the substrate temperature and on the
intensity of interactions between adatoms and substrate. If these interactions are strong, the
nucleation density is high and likewise, if the interactions are weak, the nucleation density is
low. Higher nucleation density causes a bigger contact area between coating and substrate and

simultaneously lesser cavities in the interface and thus better adhesion is achieved [4, 5].

arrival rate
direct capture
reevaporation from the vapor
metastable critical size el K
o— cluster cluster .‘.......
accomodation Q’mzm .A.lélélalél.A.
surfoce/diffusion substrate at temperature Tg

Fig. 3.1: Schematic of nucleation and growth processes on a solid surface [17].

Further enlargement of the nuclei proceeds similarly to the nucleation process, by adatoms
impinging directly on the nuclei or diffusion of adatoms over the surface to the nuclei. This
enlargement of nuclei is termed growth [4]. There are three basic growth modes observed:
Island growth (or Volmer-Weber mode), layer-by-layer growth (or Frank-van der Merwe
mode), and mixed layer-island growth (Stranski-Krastanov mode). In fig. 3.2 these growth

modes are depicted schematically [15].

10
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layer-by-layer growth

@) o0 SRR, SRR

island growth

)

layer plus island growth

o e e, B

Fig. 3.2: Schematic of thin film growth modes: (a) layer-by-layer growth, (b) island growth
and (c) mixed layer-island growth [15, 20].

Island growth occurs when the binding energy between the adatoms is stronger than between
the adatoms and the substrate. In layer growth the opposite happens. Here the adatoms are
more strongly bound to the substrate than to each other. If one monolayer is completed it is
covered with a second layer and so on. The mixed layer-island growth is a combination of the
other two modes. There, one or more monolayers are formed, but then further layer growth

becomes unfavorable and islands are formed [15].

3.2 Structure Zone Models

The properties of thin films provided by PVD processes are determined by their microstruc-
ture, where the microstructure is highly dependent on the preparation parameters. Thus, it is
essential to know about the relations between the microstructure and the deposition parame-
ters [21].

Movchan and Demchishin were the first to propose a structure zone model (SZM), which re-
lates these dependencies. They investigated very thick (up to 2 mm) vapor deposited coatings
of different materials and related their morphological structure to the homologous temperature
(T¢/Ty), where T is the substrate temperature and T, is the melting temperature. They found
three characteristic structure zones [5, 22].

Thornton adapted this structure zone model for sputter deposited metal coatings by introduc-
ing a second variable additional to the homologous temperature, the inert sputtering gas pres-
sure. In Thornton’s model (fig. 3.3a) a fourth zone, the so called Transition Zone (Zone T) is

considered to be between Zone 1 and Zone 2 [23].

11
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Fig. 3.3: Structure zone models proposed by (a) Thornton [23] and (b) Messier et al. [21].

Messier et al. proposed a further model (fig. 3.3b) adapted for thin films, in which the bias

potential is considered as well [21].

In Zone 1 the homologous temperature Ty Ty, is very low (< 0.2). There is little adatom sur-
face mobility and therefore the growth is affected significantly by shadowing effects. The
microstructure is characterized by tapered crystallites and voids between them. Zone T,
which is considered to be a transition zone between Zone 1 and Zone 2, belongs to the tem-
perature interval 0.2 < T¢/T, < 0.4 and develops by competitive growth of differently oriented
neighboring crystals. In this range there is distinct adatom surface diffusion and the shadow-
ing effects are partially compensated. The structure is fibrous and denser than in Zone 1. In
the temperature interval 0.3 < TyJ/Ty, < 0.5 the effect of grain boundary migration becomes
relevant. This marks the beginning of Zone 2. The surface mobility in this zone is even
higher. The film is composed of columnar crystals expanding from the bottom to the top of
the film and grain boundaries which are perpendicular to the substrate surface. The structure
is homogeneous along the film thickness and the lateral size of the grains increases with in-
creasing temperature. In Zone 3, which is marked by homologous temperatures higher than
0.5, the structure is characterized by equiaxed three dimensional grains. In this zone addi-
tional to the surface mobility, bulk diffusion becomes decisive. This results in recrystalliza-

tion and further densification of the growing film [5, 23, 24].

It was observed by Thornton, that Zone T emerges when the sputtering gas pressure is de-
creased. Decreasing sputtering gas pressure causes increasing mean free paths of the particles,
which consequently leads to an increased energy of the sputtered species as they arrive at the
film surface and, therefore, to increased adatom mobility [21, 23].

Furthermore, according to Messier et al., Zone T expands with increasing energy of the sub-
strate bombarding ions. The increase of Zone T occurs mainly at the cost of Zone 1 while the
Zone 2 boundary and its width remain nearly constant. Thus, densely packed fibrous grains

can be observed already at lower temperatures. Apart from that fact the formation mechanism

12



3 Thin Film Growth

Nina Juri

of the film is very similar in Zone 1 and Zone T. For that reason Messier et al. considered

Zone T to be an internal structure of Zone 1 [21].

The influence of the ion bombardment on the film structure can be explained by considering
that the bombardment causes point defects on the substrate surface which lead to an increased
nucleation density. On the other hand the impinging ions transfer energy to the adatoms
which in turn leads to increased adatom mobility. Thus, at a given homologous temperature

the crystal structure is denser if ion bombardment is applied, compared to the case without ion

bombardment [5].

Barna et al. investigated the influence of impurity atoms on the structure zones. The co-
deposition of active impurity species is hardly avoidable. But on the other hand, these so
called impurities can also be alloying elements, and in this case they are intentionally intro-
duced. However, these impurities play a major role in the structure formation of polycrystal-
line films. For that reason Barna et al. developed a so called real structure zone model (fig.

3.4) considering not only the substrate temperature but also the effect of impurities [24, 25,

26].
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Fig. 3.4: Structure zone models modified with varying content of impurities. (a) ideal SZM,
(b) real SZM of low, (c) medium and (d) high impurity concentration [26].

As indicated in fig. 3.4, the Zone 1 / Zone T boundary is shifted to higher temperatures with
higher contamination content. Due to the low surface mobility of the impinging atoms no coa-

lescence or grain boundary migration is possible in Zone 1 and thus, growth of large grains is
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inhibited. In contaminated films, the Zone T / Zone 2 boundary is also shifted to higher tem-
peratures because of limited grain boundary mobility. Nevertheless, in highly contaminated
films (fig. 3.4d) the impurity phase can block the growth completely, consequently no com-
petitive growth takes place and Zone T disappears. In pure films (fig. 3.4a) Zone 3 does not
exist, while in contaminated films at high temperatures Zone 3 appears and represents thereby
the upper boundary of Zone 2. However, if the contamination content is further increased the
grain boundaries become immobile and Zone 2 does not appear (fig. 3.4c). The lower bound-
ary of Zone 3 is shifted to lower temperatures with increasing contamination content. This
initially leads to the disappearance of Zone 2 (fig 3.4c¢), later Zone T vanishes too (fig. 3.4d)
and the lower boundary of Zone 3 reaches the upper boundary of Zone 1. The appearance of
Zone 3 can be explained by process induced segregation of impurities. The impurity species
are segregated on the growing surface of the crystal, resulting in a covering layer of impuri-
ties. Hence, the growth of individual crystallites is interrupted periodically and continues
again by repeated nucleation [25, 26]. This process is used advantageously to deposit multi-
component and multiphase films by using targets of different materials. According to the as-

sembly of the targets it is possible to deposit multilayer films [5, 25].
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4 Tribological Properties

The term tribology (greek tpifoc: rubbing, sliding) was introduced to describe phenomena
associated with interacting surfaces in relative motion. It comprises the topics of friction, wear
and lubrication [27]. Tribological properties, such as e.g. the friction coefficient, are related to
a system of materials, lubricants and other influence parameters as shown in fig. 4.1. This

system is also referred to as tribosystem [28].

INPUT OUTPUT

Velocities
Normal force
Materials
Lubricant
Temperature
Geometry
Environment

Friction

Wear

Fig. 4.1: Input and output parameters of a tribosystem [28].

4.1 Friction

According to ASTM, friction and friction force are defined as resisting force tangential to the
interface between two bodies when, under the action of an external force, one body moves or
tends to move relative to the other [29]. The friction coefficient p is determined as the ratio
between the frictional force Fr and the normal load Fy.

u=trf] (“.1)

The value of the friction coefficient describes the magnitude of the frictional force [30].

Two classes of relative motion, namely sliding and rolling have to be distinguished [30]. As
rolling friction is not relevant for the present work, only sliding friction is discussed in more
detail.

Bowden and Tabor (1950) explained the mechanism of sliding friction by the adhesional ef-
fect between surface asperities and also included the plowing effect in their concept. 1981 Suh
and Sin [31] presented a new concept of friction, wherein three basic mechanisms are distin-
guished (fig. 4.2):

e Adhesion
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e Plowing

e Asperity deformation

ete

(a) adhesion (b) plowing (c) asperity deformation

Fig. 4.2: The three basic mechanisms of sliding friction (a) adhesion, (b) plowing, (c) asperity
deformation [28].

Adhesion

If two smooth, clean and oxide-free surfaces are in contact, there are areas of real contact, so
called asperity junctions. The asperities are forced into contact and weld together (see fig.
4.2a). When two bodies in relative motion are slid over each other these junctions break. This
recurring process causes a resistance to the motion [28, 30].

Plowing

When there are hard asperities or particles between the two surfaces in relative motion they
can penetrate into the softer material. By moving one body relative to the other, a furrow is
built by plastic flow (fig. 4.2b). This mechanism is called plowing and causes also a resistance
to the motion [28].

Asperity Deformation

As depicted in fig. 4.2c, the surface asperities of two bodies in relative motion are elastically
and plastically deformed as they slide over each other. The physical work performed hereby

likewise contributes to the resistance to relative motion [28].
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4.2 Wear

According to ASTM, wear is defined as the damage to a solid surface, generally involving
progressive loss of material, due to relative motion between that surface and a contacting

substance or substances [29].

There are various mechanisms which describe the possible ways of the loss of material on the
surface of bodies in relative motion. In real contact more than one wear mechanism arises

simultaneously. The four basic wear mechanisms are (fig. 4.3) [28, 32]:

Adhesive wear

e Abrasive wear

Fatigue wear

e Chemical wear

Ty
(@) ©)
hard —
(b) Soft hard (d)

Fig. 4.3: Depiction of the different wear mechanisms: (a) adhesive, (b) abrasive, (c) fatigue
and (d) chemical wear [28].

Adhesive Wear

When two smooth bodies are in contact, the asperities of one surface come into contact with
asperities of the other surface (fig. 4.3a). These asperities in contact can adhere strongly to
each other (compare the frictional adhesion mechanism in section 4.1). Through relative mo-
tion the majority of the softer asperities are separated and material is transferred to the coun-
terpart (fig. 4.3a) [28, 32].
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Abrasive Wear

When a rough hard surface or a surface containing hard particles is in contact with a softer
surface, the harder surface asperities or particles are pressed into the softer surface (fig. 4.3b).
By sliding of the bodies relative to each other, grooves and scratches are plowed in the softer
material. Wear particles arise out of the displaced material from the grooves and scratches.
Abrasive wear caused by hard surface asperities is also called two-body abrasive wear, while

wear caused by hard particles in the tribological contact is called three-body abrasive wear.
[28, 32].

Fatigue Wear

Fatigue wear results from repeated loading and unloading cycles of the surface at stress levels
the material can sustain once but not if repeated several times. As a consequence of this load-
ing and unloading cycles, surface or subsurface cracks can occur. As indicated in fig. 4.3c,
these cracks will eventually result in the breakup of the surface with liberation of surface ma-

terial acting as so called wear debris [28, 32].
Chemical Wear

Chemical wear is dominated by chemical reactions in the tribological contact in combination
with mechanical contact mechanisms. Decisive for the chemical reactions are environmental
influences. Most common in this field is oxidational wear. There, a thin layer of oxides is
formed on the surface. This oxide film can act as a protecting layer against friction and wear
of metals. When the two bodies in contact are moved relative to each other this protecting
oxide layer can be continuously removed by the rubbing action. The surface is no longer pro-
tected and hence can be subject to increased wear. Additionally the removed material forms
wear debris [28].
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S TiAIN Coating Fundamentals

Titanium nitride (TiN) coatings are widely used in various fields of application as for instance
as diffusion barriers in microelectronics, as reflecting materials in the automobile and glass
industry or as golden surface embellishing coatings in jewelry. However, their main field of
application is their usage as hard and wear resistant coatings in the machining tool industry
[33]. TiN films exhibit high hardness, relatively low friction, good corrosion resistance, good
thermal conductivity and reasonable coating adhesion [34]. On the other hand they also show
some drawbacks, e.g. their limited oxidation resistance. TiN films start to oxidize already at
temperatures of about 550 °C forming rutile (TiO,) [35].

Industrial demands for reduced machining time and consequently machining costs require
increased cutting parameters. To fulfill these growing demands, TiN is more and more re-

placed by ternary compounds (e.g. TIAIN) for many applications [2].

By alloying aluminum to the TiN system, the mechanical properties such as hardness, coating
adhesion and wear resistance can be enhanced further. Similar to the mechanical properties,
the oxidation resistance remarkably increases with increasing Al content. In fact the start tem-
perature for oxidation of Ti;_xAlxN films can be increased significantly up to 950 °C for films
containing 60 to 70 % Al This outstanding oxidation resistance is caused by the formation of
a stable oxidation barrier of Al,O; at the surface. However, at temperatures above 950 °C a
brittle underlayer of rutile is built, which may affect the performance of the protecting oxide
layer [36, 37, 38].

5.1 Crystal Structure
In fig. 5.1 an isothermal cut through the ternary phase diagram Ti-Al-N at 1000 °C is shown.

This diagram reveals that in thermodynamic equilibrium Ti, Al and N have virtually no or
very low solubility in AIN, TiN and TiAl, respectively. However, two ternary phases exist,
namely the cubic Ti;AIN (perovskite structure) and the hexagonal Ti,AIN phase, which is
also called H phase [36, 39].
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Fig. 5.1: Isothermal cut of the ternary phase diagram Ti-Al-N at 1000 °C [36].

Since the film growth of PVD coatings is based on free atoms and particles with simultaneous
energy and momentum transfer, PVD thermodynamically is a non-equilibrium process.
Therefore, the composition range of ternary films prepared by PVD is basically not limited by

thermodynamics and it is possible to deposit metastable solid solutions [40, 41].

In fig. 5.2 the quasibinary phase diagram of TiN-AIN for thermal equilibrium as well as the
PVD phase diagram for non-equilibrium processes is depicted. Again the low solubility of
AIN in TiN in thermal equilibrium can be seen (fig. 5.2a). Besides, the maximum solubility (~
5 %) is reached at very high temperatures and decreases with decreasing temperature. At
room temperature a dual phase field of TiN and AIN is existing. TiN crystallizes in the face
centered cubic (fcc) rock salt (NaCl) structure, while AIN crystallizes in the hexagonal close
packed (hcp) wurtzite structure [36, 40, 42].

3500
KL (Ti, AN + (AL TI)N
3000 R 1wy o T __,,_.———-""Lf;h:—. two phases
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E_ TiN + AIN (TLADN
£ 1500 cubic
2l
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Fig. 5.2: (a) Quasibinary phase diagram of TiN-AIN [40], (b) phase diagram of TiN-AIN for

non-equilibrium processes [43].
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In contrast, fig 5.2b shows the Ti;.xAIxN phase diagram for non-equilibrium processes. Via
PVD it is possible to prepare supersaturated metastable solutions. Thus, cubic as well as hex-
agonal solid solutions can be built. According to fig. 5.2b, the two single-phase regions for
fcc and hep TixAlxN are separated by a two-phase region, which expands with increasing
substrate temperature [41, 43, 44].

As indicated in fig. 5.3, the formation of fcc Ti;.xAlxN is based on the substitution of Ti at-
oms by Al atoms. Single-phase fcc Ti;.xAlxN is formed up to Al contents x of approximately
0.6 to 0.67. Further increasing of the AIN mole fraction yields a dual-phase (fcc and hcp)
structure followed by single-phase wurtzite T1;_xAlxN, where the Ti atoms substitute the Al
atoms in the hexagonal AIN lattice [36].

According to Vegard’s law, the incorporation of Al in the fcc TiN lattice causes a reduction of
the lattice parameter from 4.23 A for pure TiN to 4.17 A for an Al content of x=0.6 [45].

£

® T N

® Al :g

e N &

=
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TIN —> Al-content 0.6-0.67 AIN

Fig. 5.3: Structural development of Ti;.xAlxN with increasing Al-content [20, 39, 46].

Since Ti;.xAlxN is a metastable solid solution, decomposition occurs at elevated temperatures
by a spinodal process. Spinodal decomposition of a solid solution is a spontaneous decompo-

sition due to energetic advantages, i.e. the gain of free enthalpy.

Ti;.xAlxN can be subject to spinodal decomposition at elevated temperatures. Annealing of
Ti;_xAlxN at 900 °C leads to the precipitation of fcc AIN and fcc TiN from the metastable fcc
Ti]-XAlxNZ

fcc-TiAIN — fece-TiN + fcc-AIN
At temperatures of 1100 to 1250 °C cubic AIN transforms into hexagonal AIN:
fcc-AIN — hep-AIN

Thus, the entire transformation of Ti;.xAlxN from the metastable cubic phase to the equilib-

rium two-phase structure can be written as:

fcc-TiAIN — fee-TiN + fec-AIN — fee-TiN + hep-AIN
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For the formation of hexagonal AIN, a huge amount of energy is needed to overcome the nu-
cleation barrier, which is a result of the larger atomic volume of the wurtzite phase and the
necessarily forming incoherent interfaces with the cubic TiN. As the formation of cubic AIN
is associated with a lower effort of energy, the intermediate step of the formation of cubic
AIN can be observed [47].

5.2 Mechanical Properties

In the following paragraphs, mechanical properties of Ti;.xAlxN such as hardness and
Young’s Modulus are considered. The hardness of Ti;.xAIxN increases with increasing Al
content (fig. 5.4a and b). The maximum hardness and as well Young’s modulus (fig. 5.4b) are
observed in coatings with Al/Ti ratios of about 0.5 to 0.6. Beyond this value both hardness
and Young’s modulus decrease drastically due to the formation of the hexagonal wurtzite
phase. According to Zhou et al. [39], the increase in hardness can be explained on the basis of
bonding characteristics. With the addition of Al the interatomic distance decreases (compare
the consideration of the lattice parameter in section 5.1 and fig. 5.4a). This leads to an increas-

ing bulk modulus and consequently to a distinct increase in hardness [36].
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Fig. 5.4: (a) Vickers hardness and lattice parameter of Ti;.xAlxN films as a function of the Al
content, (b) hardness and Young’s modulus of Ti;.xAlxN films as a function of the Al content
[36].

Mayrhofer et al. investigated the development of the hardness during spinodal decomposition
and observed a distinct increase of hardness in the temperature range between 600 and 1000
°C. This increase in hardness is related to the formation of the coherent cubic AIN intermedi-
ate phase. At temperatures above 1000 °C the hardness decreases, due to the precipitation of

the incoherent hexagonal AIN equilibrium phase [48].
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5.3 Tribological Properties

The wear resistance of Ti;.xAlxN is basically determined by the Ti/Al ratio, the coating hard-
ness and its microstructure. The target composition, substrate bias and nitrogen partial pres-

sure are the most important parameters to influence the tribological properties [49].

The composition of the target more or less determines the coating composition and therefore
the properties of the film. According to Lin et al. [49] coatings prepared with a 50/50 Ti/Al
atomic ratio target show better wear resistance than coatings produced by a 72/28 Ti/Al target
[36, 49].

Both coating composition and microstructure are influenced by the substrate bias. In fact, the
Al content has been reported to decrease with increasing bias voltage for arc-evaporated coat-
ings. Hence, the wear resistance can, to a certain extent, provided that the necessary coating
density is maintained, be improved by lowering the bias voltage. According to their different
ionization probability, the degree of ionization is higher for Ti vapor than for Al vapor. There-
fore, preferably Ti ions are attracted to the biased substrate. Furthermore, the coating compo-
sition is influenced by back scattering effects. Due to their lower atomic mass, the Al atoms
have a higher back scattering probability than the heavier Ti atoms [36, 49].

The nitrogen partial pressure affects the Al content and the microstructure of the coating, as
well as the coating adhesion and the growth rate of sputter deposited coatings. In sputtering,
the deposition rate, e.g. decreases with increasing nitrogen partial pressure due to target poi-
soning effects and collisions and scattering of the particles (compare also chapter 7) [36, 50,
51].

Ti; xAlxN exhibits high hot hardness which is favorable for the resistance against abrasive
wear. As already mentioned above, Ti;.xAlxN shows excellent high temperature stability due
to the formation of a protecting Al,O3; surface layer which inhibits diffusion of oxygen into
the coating. Furthermore, it exhibits low thermal conductivity and prevents direct contact of
the Ti;.xAlxN coating and the wearing material. Therefore, the Al,Os layer also reduces adhe-

sive wear [36, 52].

In fig. 5.5a and b the tool life and maximum flank wear of PVD TiN, TiCN and TiAIN are

compared, proving the excellent wear performance of Ti;.xAlxN coated tools [53].
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Fig. 5.5: (a) Comparison of the tool life between PVD TiN, TiCN and TiAIN coated inserts in
turning of Inconel 718, (b) comparison of the maximum flank wear over time between PVD
TiN, TiCN and TiAIN [53].
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6 Experimental Details

6.1 Targets

In sputter deposition, there are different possibilities to produce multicomponent thin films.
One is to use different pure element targets, another one is to use compound targets. Alloy
targets can be made by various processing techniques, such as casting and powder metallurgi-
cal techniques like sintering and hot pressing. Other possibilities are studded targets or targets
made of the first component with several drilled holes filled with another element. In the latter
case of so-called mosaic targets, the film composition can be varied through the number and
position of the holes [36].

Two different types of TiAl targets were used for the present diploma thesis: powder metal-
lurgical (PM) targets (fig. 6.1a) produced by PLANSEE Composite Materials in Lechbruck,
Germany, and ingot metallurgically produced targets with filled holes, also referred to as Ce-

meCon type mosaic targets (fig. 6.2b) produced by CemeCon in Wiirselen, Germany.

Both types of targets are 10 mm thick, 500 mm high and 88 mm broad. In case of the mosaic
targets, the target matrix material is Ti and the holes are filled with Al inserts. This compound
is approximately 6 mm thick and bonded to an approximately 4 mm thick copper back plate.
The mosaic targets are of CemeCon type TiAl48GM, which means that they have 48 Al filled
holes which are positioned in the middle of the erosion track (fig. 6.1b). For films deposited
with these targets, a metal composition of approximately 60 % Al and 40 % Ti can be ex-
pected. The PM targets (fig. 6.1a) contain 60 % Al and 40 % Ti and consist of two phases, i.e.

an Al matrix with Ti grain embedded. The usable sputter area is 10 mm thick.
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Fig. 6.1: (a) PLANSEE PM target with erosion track, (b) CemeCon type mosaic target
TiAl48GM.

6.2 Substrates

The substrates coated within the present work were high speed steel (HSS) disks of type S290
fabricated by Bohler Edelstahl in Kapfenberg, Austria. This powder metallurgically produced
HSS is mainly used for high-performance metal cutting. The S290 exhibits excellent hot
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hardness and wear resistance as well as very high hardness (up to 70 HRC). Due to its chemi-
cal composition it can be classified as HS14-2.5-5-11 (AISI M2).

Additionally, silicon samples with the dimensions 7x21x0.38 mm were coated. The coated
silicon samples were used to determine the internal stresses of the coating, while for all other

investigations the coated HSS substrates were used [54, 55].

6.3 Coating Deposition

All coatings for the present work have been deposited by reactive unbalanced magnetron sput-
tering with an industrial-scale sputtering device of the type CemeCon CC800° /OMLT (fig.
6.2) at the University of Leoben. The CC800® /9MLT is equipped with four bipolar pulsed
DC magnetrons of the size 500x88 mm. The assembly of one pair of cathodes can be seen on

the right side; the second pair is assembled equally on the opposite side.

Lq00/4MLT
(orry

Fig. 6.2: Picture of the industrial scale sputtering device CemeCon CC800® /9MLT at the

University of Leoben.

Prior to deposition, the substrates were ultrasonically cleaned in acetone and ethanol for ten
minutes each. Then they were mounted on the substrate carousel of the sputtering plant. As
this sputtering plant is of industrial scale, all deposition processes recipes can be programmed
and run automatically.
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All coating deposition recipes used for this work were built up very similarly. After evacuat-

ing the chamber to a base pressure of <4 mPa (= 4-10~ mbar), the substrates were cleaned
through a heating step and subsequently by Ar" ion etching. There, the substrate is bombarded
by the Ar' ions from the ignited plasma, where the substrate carousel acts as the anode. After

substrate ion etching, the actual deposition process was started.

Using the PM targets, all depositions were carried out with a unipolarily pulsed bias voltage
of -40 V at a pulse frequency of 350 kHz and a reversal time of 1000 ns. The deposition time
was set to 1.5 h at deposition temperatures of approximately 525 °C to 550 °C. The flow of
the argon working gas was 200 sccm. The target power and nitrogen partial pressure were
varied to find the most efficient parameters. In tab. 6.1, the values for the various deposition
recipes are summarized. As the flow of the argon working gas was constant, the total pressure

variation was only caused by the changing nitrogen flow.

Tab. 6.1: Varied deposition parameters for PM targets.

Process | Cathode power [kKW] | Total pressure [mPa]
R473 4,5 560
R474 4,5 570
R475 4,5 550
R476 6,0 560
R477 6,0 540
R478 6,0 580
R479 7,0 580
R480 7,0 600
R481 7,0 620

A standard process was available for the CemeCon type mosaic targets; the unipolarily pulsed
bias voltage was set to -50 V, the pulse frequency 350 kHz and the reversal time 1000 ns. The
cathode power was 7 kW and the total pressure 580 mPa, where the flow of the argon work-
ing gas was 230 sccm. The deposition temperature was also approximately 525 °C to 550 °C.
A deposition time of 2.5 h was chosen.

6.4 Simulation of sputter process

The sputtering yield as well as the energy of film forming neutrals for a given target and spe-
cific kinetic parameters can be calculated using a statistic program such as SRIM (Stopping
and Range of Ions in Matter) [56].
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The values obtained by SRIM within this thesis represent number and energy of the sputtered
atoms at the time when they leave the target surface. During their travel to the substrate, they
may lose energy due to collision processes. This energy loss is mainly influenced by the total
pressure, which determines the mean free path, and the so called energy transfer coefficient &,
given as:

_4m,-m,

=t i 6.1
S ) ©D

There, m; denotes the mass of the target atom and m; the mass of the ion. Thus, the energy
transfer coefficient reaches a maximum for a minimal mass difference between the ions and
the target atoms [57]. In tab. 6.2, the atomic masses of the target atoms as well as the gas at-

oms are summarized.

Tab. 6.2: Atomic masses of target atoms and process gas ions.

Element | Atomic mass
Al 26.98
Ti 47.87
N 14.00
Ar 39.95

6.5 Coating Characterization

6.5.1 Coating Thickness
The coating thickness was determined using the ball crater technique, which is schematically

shown in fig. 6.3.
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Fig. 6.3: Ball crater technique [17].
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This technique is very common due to the quick and easy application. A steel ball covered by
a diamond suspension is used to grind a crater into the coating by rotational movement. The
inner (D;) and outer (D,) diameters of the resulting spherical calotte are then measured using
an optical Reichert-Jung microscope of type Polyvar Met with an attached CCD camera and
the analySIS®™ software of Soft Imaging System.

The coating thickness can be calculated by using the following equation:

_ Dg _Diz

t 6.2
¢ 4.D (6.2)

Here, D denotes the diameter of the steel ball [58].

6.5.2 Chemical Composition

Besides the reactive elements added, the actual elemental composition of the coatings often
differs from the target composition. Energy-dispersive x-ray emission spectroscopy (EDX)
utilizing an Oxford Instruments INCA extension in a Zeiss EVO 50 scanning electron micro-
scope (SEM) was used to determine the coating composition. Four specimens were investi-
gated, i.e. those three deposited with the PM targets at 7.0 kW (R479 — R481) and the refer-
ence coating deposited with the mosaic targets (R482).

6.5.3 Microstructure

X-ray diffraction (XRD) is a non-destructive characterization technique for the determination
of the crystalline structure of solids. With this technique, chemical and phase analyses can be
done as well as stress analyses. Furthermore, it is possible to determine e.g. the grain size and

the coating texture.

In the present work, all coatings were analyzed using a Siemens D500 diffractometer in
Bragg-Brentano as well as in grazing incidence configuration. In fig. 6.4, a schematic of the
Bragg-Brentano configuration is shown. A range of the incident angle 6 has to be selected.
The sample is irradiated with an X-ray incident at an angle 0 to the surface of the sample and
the diffracted beam intensity is detected at an angle 20 with respect to the incident beam. As
with this method also peaks of the bulk material are obtained, the samples are also investi-
gated in grazing incidence mode. There, the incident angle 0 is adjusted to a constant small
value and only the diffraction angle 20 passes through the selected angle range. Thus, only
information of the surface-near area (i.e. the coating if the thickness is sufficient) is obtained

and the resulting patterns are easier to evaluate than those obtained in Bragg-Brentano mode.
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For the investigation within the present work, an incident angle of 2° was chosen [59]. The

parameters used are presented in tab. 6.3.

Focus of the x-ray tube v Glancing angle
/ BL.LILIII Aperture diaphragms 29 Diffraction angle
' BI.IV Detector diaphragm ¢  Aperture angle
\ ’ D Detector M  Measuring circle
. / Kp Kp filter F  Focusing circle
S~ _— P Specimen

Fig. 6.4: XRD beam path in Bragg-Brentano configuration [60].

Tab. 6.3: Parameters used for the XRD investigations.

Voltage Tube current Step time Step size Angle range 20
[kV] [mA] [s] [°] [°]
40 25 1.2 0.02 25-85

The incident X-ray is only reflected if the Bragg condition is fulfilled:
n-A=2-d-sinf (6.3)

Here, n is the order of reflection, 4 the X-ray wavelength and d the lattice spacing. In XRD
investigations, plots of the intensity of the diffracted beam versus the diffraction angle are
obtained.

Grain size and strain can be determined by the analysis of the peak broadening. The Pseudo-
Voigt function, which is a linear combination of a Cauchy (Lorentzian) fcuchy and a Gaussian

function fGaussian, 18 fitted to the X-ray patterns by:
f(x) = fO + A : [77 ' fCauchy + (1 _TI) fGaussian] (64)

Here, f,denotes the mean background level, 4 the peak area and # the Cauchy component.

The Cauchy component of the measured profile is induced solely due to the crystallite size or
more precisely, the size of coherently diffracting domains, hereafter called domain size. The

Gaussian component arises from the strain [61].
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To get information about a preferred orientation of the coating, the texture coefficient TC was

determined using the modified Harris formula. The texture coefficient is given by:

1

m(hkl)

IO(hkl)

i nz Im(hkl)

n i IO(hkl)

TC = (6.5)

Lnaiy 1s the measured intensity of the reflection from the (hkl) plane and Zygu) 1s the corre-
sponding intensity of an untextured reference powder sample (cubic AIN, JCPDS 00-025-
1495, cubic TiN, JCPDS 00-038-1420). n is the number of analyzed peaks. The orientation
with the highest texture coefficient is the preferred one [62, 63, 64, 65].

6.5.4 Film Adhesion

Film adhesion was determined by Rockwell indentation adhesion tests. A conventional Mitu-
toyo Rockwell C hardness tester, type DT-10 was used. The indentation causes a massive
plastic deformation in the coated surface. This leads to damage of the coating in the surround-
ing of the indent and thus to the formation of a crack network or, in case of insufficient film
adhesion, to coating delamination. Coating adhesion can be classified to HF1 — HF6 using an
optical Reichert-Jung Polyvar Met microscope and comparing the coating damage with fig.
6.5. HF5 and HF6 indicate that the film adhesion is insufficient [66].

HF 1 HF 2 HF 3

HF 5 HF 6

Delaminations

Fig. 6.5: Classes of film adhesion in the Rockwell C test [66].
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6.5.5 Hardness and Young’s Modulus

For determination of hardness and Young’s modulus of thin films, it is important to ensure
that only the properties of the film are measured and any influence of the substrate can be
excluded. Hence, the indentation depth should be less than 10 % of the film thickness. To
fulfill this demand, all hardness measurements were carried out by a UMIS Nanoindenter (Ul-
tra Micro Indentation System) from Fischer-Cripps Laboratories [67]. The system is equipped
with a Berkovich indenter, which is a three-sided pyramid with a face angle of 65.3°, made of
diamond [68].

The classical definition of hardness is the ratio of the peak load F to the projected contact area

A. With nanoindentation, load-displacement curves (fig. 6.6) are measured.

a b
@ : ),
Fmax
i % = elastic i
_C"I £ c unloading 4
'E‘ 1
!
under load s ! %
“= | elastic-plastic
loading Il
!
\ plastic elastic
deformation deformation
~ —~ =1 _C"I cheigy /energy
~ ) >
hy '| he depth [nm]
after unloading h
max >

Fig. 6.6: (a) cross section of an indentation at full load and full unload for elastic-plastic con-

ditions, (b) load-displacement curve [68].

As in reality the geometry of the tip is not ideal but always somewhat rounded, this is taken
into account by using an area function in combination with the indentation depth to determine

the true contact area.

Within this thesis, a plateau test was carried out with a maximum force of 40 mN and a mini-
mal force of 2 mN with an increment of 2 mN. To exclude the potential influence of surface
irregularities, a calotte was ground into the surface (compare subsection 6.5.1) with an OP-S
(oxide particle) suspension and just for a few seconds to skim the surface and not too much of
the coating thickness. The plateau test was performed in the central area of the calotte. With

the obtained data, the Young’s modulus and the hardness were determined.
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6.5.6 Coating Stress

To determine the residual stresses, which virtually all PVD coatings exhibit, silicon substrates
were also mounted on the carousel during deposition and subsequently examined with the so
called wafer curvature method. If a relatively thin substrate is coated on one side only, the
residual stresses will cause the whole substrate-coating composite to bend (fig. 6.7).

Fig. 6.7: Bended substrate-coating composite [17].

The measurements of the curvature were carried out on a device called “Mutti 2000, con-
structed by Winkler [69]. A schematic is shown in fig. 6.8. There, the surface of the coated
silicon substrate is irradiated by two parallel laser beams with the defined distance dy. The
laser beams are first reflected by the substrate surface and hit a mirror in the defined distance
h;. There, they are again reflected and finally they hit the measuring plate in the defined dis-

tance /,, where their distance d; can be measured.

With this information, the bending radius r of the coated sample can be determined as fol-

lows:

y = 2'(h1 +hz)'do
d, —d,

(6.6)

Subsequently the internal stress can be determined with the help of the modified Stoney equa-

tion;

oL .i.(l_ij (6.7)

There, E; denotes the Young’s modulus and v, the Poisson’s ratio of the substrate, #, and 7, are
the substrate and the coating thickness, respectively, and 7y is the bending radius of the un-
coated sample [58, 69].
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Fig. 6.8: Schematic of the measurement setup of Mutti 2000 [17].

6.5.7 Tribological Properties

The tribological investigations were carried out by ball-on-disk tests [54] using a high tem-
perature tribometer of CSM Instruments. All samples were investigated at room temperature;
the humidity was 27 + 1 %. A wear track radius of 7 mm, a sliding distance of 300 m and a
normal load of 5 N were chosen. The linear speed was 10 cm/s. The 6 mm diameter ball was
made of ALOs.

Following the ball-on-disk test the resulting wear tracks were examined by white-light optical
profilometry. With this method it is possible to characterize the surface topography and thus

calculate, e.g. the wear coefficient K as follows [28]:

K = ges (68)

There, F is the normal load, s the sliding distance and V., is given as:

oy (2-r-m)

ges l

(6.9)

V' denotes the wear volume which is determined by optical profilometry, r the radius of the

wear track and / the length of the section for which the negative wear volume is determined.

The measurements were carried out on a Veeco Wyko NT1000 white light interferometer in

VSI-mode (Vertical Scanning Interferometry). The used software was Wyko® Vision32.
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7 Results and Discussion

7.1 Cathode Power and Nitrogen Partial Pressure Variation

As with the utilized sputter device to date only mosaic targets have been used, first of all a
deposition process for the PM targets had to be developed by optimization of sputter cathode
power and nitrogen partial pressure. As already mentioned in section 6.3, in the CemeCon
sputter system used the nitrogen fraction in the process gas is added to the constant argon
flow; thus the controlled total pressure is directly related to the nitrogen partial pressure. To
evaluate the target performance, for the first coating deposited a total pressure of 560 mPa and
a cathode power of 4.5 kW were chosen. Subsequently, the evolution of the cathode voltage
versus time (fig. 7.1) was examined for all four cathodes used (termed as cathodes 1-4 in the
subsequent figures). According to fig. 7.1, a slight increase of the cathode voltage during
deposition can be observed. Such an increase of the cathode voltage indicates a possible poi-
soning of the targets. This means that the target surface changes from metallic state to poi-

soned (i.e. nitride) state caused by the formation of a compound on the target surface [19, 70].
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Fig. 7.1: Cathode voltage evolution for PM TiAl targets: process R473 (cathode power:
4.5 kW, total pressure: 560 mPa).

In target poisoning, the cathode voltage already changes due to minor modifications of the
target surface condition. Depla et al. [19] stated that the poisoning mechanism is based on
reactive gas ion implantation during sputtering. There are three possible pathways for these
implanted ions: (7) chemical reaction between the implanted ions and the target material, (i)
the implanted nitrogen remains in the target as non-reacted atoms, or (iii) the nitrogen atoms

recombine in the target and diffuse from there. The compound formation results in a decrease
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of the target erosion rate. However, the cathode voltage depends not only on the target surface

condition but also on the plasma condition, which also changes during poisoning [19, 70].

In fig. 7.2 a typical hysteresis between poisoning and de-poisoning of a silicon target sput-
tered in an argon/nitrogen discharge, as obtained by Depla et al. [70], is shown. At a nitrogen
mole fraction of x = 0.28 in the process gas a sudden increase of the cathode voltage with in-
creasing nitrogen content can be observed; this indicates a change in the surface condition and

therefore the transition from metallic to poisoned state.

- —C— poisoning

(V)

—e— de-poisoning

og

s

o0

o
]

0.0 0.1 0.2 0.3 0.4 0.5
mole fraction nitrogen

absolute target volta,

Fig. 7.2: Sputtering of a silicon target in an argon/nitrogen discharge: Hysteresis behavior of
the cathode voltage as a function of the nitrogen mole fraction. The marked area denotes
where the deposition processes investigated within this thesis are located in such a hysteresis
[70, modified].

To find out in which area of such a hysteresis the deposition processes investigated within this
thesis are located, two further depositions were done with the same cathode power but differ-
ent total pressures; one with 570 mPa and one with 550 mPa. This corresponds to a reduction
of the nitrogen partial pressure, as explained in section 6.3. These experiments show that with
less nitrogen the increase of the cathode voltage during deposition is much more pronounced,
while more nitrogen results in a less marked increase. Additionally, the absolute cathode volt-
age decreases with increasing nitrogen partial pressure. This reveals that the depositions car-
ried out are somewhere in the marked “metallic” area of the hysteresis shown in fig. 7.2 and
that therefore poisoning does not play a role. According to Depla et al. [70], this decrease of

the absolute cathode voltage with increasing pressure is due to the reduced plasma impedance.

In the second deposition series, the cathode power was increased to 6.0 kW and the total pres-
sures were varied between 540 mPa and 580 mPa. Again, a similar phenomenon as in the first
series can be observed: With a total pressure of 560 mPa a slight increase of the cathode volt-
age was found (fig. 7.3b). At 540 mPa (fig. 7.3a), the increase is much more pronounced,
while with 580 mPa (7.3c) the process runs more stable, i.e. with a lower number of arcs,
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which are represented by the pronounced negative spikes in fig. 7.3a. At 540 mPa, in total
2091 arcs were detected during the 90 min. sputter process, whereas at 560 and 580 mPa only

830 and 316 arcs, respectively, were counted.
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Fig. 7.3: Cathode voltage evolution for PM TiAl targets: Processes (a) R477, cathode power:
6.0 kW, total pressure: 540 mPa, (b) R476, 6.0 kW, 560 mPa, (c) R478, 6.0 kW, 580 mPa.

Based on this information, the cathode power was further increased to 7.0 kW in the third
series. At this power level, a slight increase of cathode voltage can still be observed for a total
pressure of 580 mPa. Also some arcs can be identified. At 600 mPa, the process is more stable
and at 620 mPa there are also no arcs anymore to be detected. In fig. 7.4a, the cathode voltage
versus time development of process R481 done at a cathode power of 7.0 kW and a total pres-
sure of 620 mPa is shown. This appears to be the most stable and efficient process, which is
with respect to the arcing behavior and the constant cathode voltage comparable to the stan-

dard CemeCon process (fig. 7.4b) using the mosaic targets.
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Fig. 7.4: Cathode voltage evolution for (a) PM TiAl targets: Process R481, cathode power:
7.0 kW, total pressure: 620 mPa and (b) CemeCon type mosaic TiAl targets: Process R482,
7.0 kW, 580 mPa.

7.2 Sputter Behavior

7.2.1 Coating Thickness and Deposition Rate

In fig. 7.5 the abrasion crater (coating R480 deposited from the PM targets, cathode power:
7.0 kW, total pressure: 600 mPa) caused by spherical abrasion (compare subsection 6.5.1) is
shown as a representative example. Such a calotte is examined with an optical microscope to

determine the coating thickness.

Fig. 7.5: Abrasion crater of coating R480 deposited from the PM targets, cathode power:
7.0 kW, total pressure: 600 mPa.

Tab. 7.1 shows the thicknesses and deposition rates of the different coatings, where the latter
were calculated from the coating thickness and the corresponding deposition time. The evolu-
tion of the deposition rate versus total pressure is additionally shown in fig. 7.6. Basically, it
can be seen that at constant cathode power the deposition rate slightly decreases with increas-

ing total pressure. In general, such a decrease in deposition rate at high total pressures, which
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corresponds to an increased nitrogen partial pressure in the used sputtering system (compare

section 6.3), can be related to target poisoning as well as an increasing number of collisions

and scattering effects of the atoms and molecules. Since, according to section 7.1, significant

poisoning of the targets can be excluded, the observed decrease in deposition rate can mainly

be attributed to more collisions and scattering of sputtered atoms, which lead to a reduction of

the number of film-forming species arriving at the substrate as well as to a decrease of their

kinetic energy [50].

Tab. 7.1: Summary of coating thicknesses and deposition rates of the coatings investigated
within this work. Processes R473 — R481 have been done with PM targets, R482 is the stan-

dard CemeCon process with mosaic targets.

total pressure [mPa]

Process | Cathode power | Total pressure | Coating thickness | Deposition rate
[kW] [mPa] [um] [nm/min]
R473 560 2,77 31
R474 4.5 570 2,55 28
R475 550 2,65 29
R476 560 3,44 38
R477 6.0 540 3,80 42
R478 580 3,21 36
R479 580 3,62 40
R480 7.0 600 3,34 37
R481 620 3,21 36
R482 7.0 580 3,69 25
“ —m—4.5kW
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Fig. 7.6: Evolution of the deposition rate versus total pressure at different cathode powers for

PM targets and for process R482 using mosaic targets.
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Besides, it is obvious that the deposition rate determined for the process R482, which is the
process based on the CemeCon mosaic targets, is significantly lower than the rates obtained
for the other processes with the PM targets. Process R479, which was done at the same total
pressure, shows a ~ 60 % higher deposition rate. Even the deposition rate of process R481,
which was run at an increased total pressure of 620 mPa, was 44 % higher. These results
strongly suggest that the difference in deposition rate can be related to the different targets
and, consequently, to their different sputter behavior (compare section 6.4 and subsection
7.2.2), since the collisions and scattering effects in the transport phase at the same total pres-

sure are comparable.

The number and energy of film-forming neutrals sputtered from the target depends not only
on the sputtering yield, but also on the energy and number of inert gas ions impinging on the
target surface [57], which again depend on parameters like cathode voltage and current, the
total pressure as well as the target material itself. For example, a higher cathode current indi-
cates that more ions hit the target surface, which should therefore result in a higher sputtering

rate.

On the other hand, the ion energy E; and the ion flux density J; at the substrate can be con-
trolled by the substrate bias voltage. A higher bias voltage means that more ions are attracted
to the substrate, reaching it at higher kinetic energy, which results in a higher substrate cur-

rent. However, with increasing bias voltage re-sputtering may play a certain role [57].

Furthermore, the ion energy and the flux density at the substrate are influenced by other pa-
rameters such as, for example, the total pressure but also the cathode current [57, 71]. This
can also be observed in the experiments performed for this thesis, where the influence of the
cathode current is very distinct, while the increasing total pressure affects the substrate current
negligibly. In fig. 7.7, the cathode currents as well as the substrate currents of three different
processes are shown. Comparing the two processes R473 (fig. 7.7a) deposited at a cathode
power of 4.5 kW and a total pressure of 560 mPa and R481 (fig. 7.7b) deposited at 7.0 kW
and 620 mPa, both carried out with PM targets, it is apparent that with increasing cathode
power and consequently increasing cathode current also the substrate current increases. By
comparing process R481 with R482 (fig 7.7¢), which was carried out with mosaic targets at
7.0 kW and 580 mPa, it is obvious that the cathode as well as the substrate current of R482 is
noticeable higher. The higher substrate current can in part be explained by the higher bias
voltage of process R482, but should also be related to the higher cathode current. There, the
higher cathode current can be attributed to the different target materials and their properties,
which will result in potentially different plasma conditions. The higher cathode current (~
17 %) of process R482 should be connected to a higher sputtering rate, but as a result of the
higher bias voltage (~ 25 %) re-sputtering might also play a role reducing the deposition rate.

Thus, these two effects might at least in part compensate each other.
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Fig. 7.7: Cathode and substrate current evolution for (a) PM TiAl targets: Process R473,
4.5 kW, 560 mPa, -40 V bias, (b) PM TiAl targets: Process R481, 7.0 kW, 620 mPa, -40 V
bias, (c) mosaic TiAl targets: Process R482, 7.0 kW, 580 mPa, -50 V bias.

7.2.2 SRIM Simulation

By applying the SRIM software package (compare section 6.4), the sputtering yields were
calculated as a function of their kinetic energy which corresponds to the difference of cathode
voltage and plasma potential [57] for different target materials and process gases. The ob-
tained results are shown in fig. 7.8. There, the black and the red curves represent the sputter-
ing yields of single-phase aluminum and titanium targets, respectively, bombarded by nitro-
gen ions, while the turquoise line stands for titanium and the blue line for aluminum, both

subjected to bombardment with argon ions. It can clearly be seen, that the combination of

aluminum target and nitrogen ions results in the highest sputtering yield while nitrogen ions

bombarding titanium the lowest ones were obtained. This is related to the highest energy

transfer coefficient as explained in section 6.4.
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Fig. 7.8: Sputtering yields calculated by SRIM as a function of the cathode voltage for differ-
ent target materials bombarded by argon or nitrogen ions of given kinetic energy.

The argon to nitrogen pressure ratio for the depositions done with the PM targets was varied
between 70:30 and 60:40. In case of the mosaic targets it was 60:40. Consequently, the sput-
tering yields shown in fig. 7.9 are averaged for an argon/nitrogen pressure ratio of 60:40. The
cathode voltage for the PM targets was in average -600 V during negative pulsing, while the
cathode voltage for the mosaic targets was approximately -500 V. According to fig. 7.9, at a
roughly corresponding kinetic energy of 500 eV (neglecting the plasma potential [57]) the
sputtering yield of aluminum is approximately 37 % higher than that of titanium; at -600 V it
is even 49 % higher.
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Fig. 7.9: Sputtering yield calculated by SRIM as a function of the kinetic energy of a mixture
of Ar/N ions of 60:40 sputtering Al and Ti targets.
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As the whole PM target consists of 60 at.% Al and 40 at.% Ti, it virtually has an aluminum
matrix while the mosaic target consist of a titanium matrix with aluminum inserts (see section
6.1 and figs. 6.1a and b). Thus, the significantly higher sputtering yield of aluminum can be

assumed to be responsible for the higher deposition rate obtained for the PM targets.

However, since migration and diffusion processes during film growth need energetic activa-
tion, also the energy of the film-forming neutrals sputtered from the target has an important
influence on thin film growth [25, 57]. Hence, in fig. 7.10 the energy of the film-forming neu-
trals, again calculated by SRIM for the moment when they leave the target, is given as a func-
tion of the kinetic energy of the ions used for sputtering. Again, the data is averaged for an
argon/nitrogen pressure ratio of 60:40. Obviously, the energy of the Ti neutrals is much
higher than that of Al. This difference is approximately 100 % for kinetic energies of 500 eV
and 600 eV. While this huge difference, at least for the moment when the species leave the
target surface, might affect film growth and chemical composition (see section 7.3), it can not

be used to explain the different deposition rates obtained for PM and mosaic targets.
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Fig. 7.10: Kinetic energy of sputtered neutrals calculated by SRIM as a function of the kinetic
energy of a mixture of Ar/N ions of 60:40 sputtering Al and Ti targets.

7.3 Chemical Composition

From the series of deposition experiments done with the PM targets, those three coatings ob-
tained at a cathode power of 7.0 kW were examined by EDX and had basically the same
composition. They contained ~ 50 at.% nitrogen, ~ 31.5 at.% aluminum and ~ 18.5 at.% tita-
nium. Consequently, the resulting Al/Ti atomic ratio was 63:37 and thus the coating composi-
tion can be written as Tip37Aly63N. The A/Ti atomic ratio is thus slightly higher than the tar-
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get ratio, which is in agreement with earlier publications on sputtered coatings [72] and attrib-

uted to the higher sputtering yield of aluminum compared to titanium (see fig. 7.9).

The chemical composition of the coating grown in process R482 with the mosaic targets was
~ 51.4 at.% nitrogen, ~ 27.2 at.% aluminum and ~ 21.4 at.% titanium. Hence, the AlTi
atomic ratio of this coating was 56:44 and the composition is Tip44Al s6N. Establishing a cor-
relation to the target composition is not possible due to the unknown effect of the arrangement

of the aluminum inserts (see fig. 6.1b) on the sputtering behavior.

In summary, the investigated coatings showed compositions close to stoichiometry. The coat-
ings deposited with the PM targets contain more aluminum than the coatings deposited with
the mosaic targets which can be — according to literature [36, 72] — assumed to have a signifi-
cant and positive effect on mechanical and tribological properties as well as on the oxidation

behavior.

7.4 Microstructure

The grazing incidence XRD patterns of the Ti;.xAlxN coatings deposited on HSS substrates
using the PM targets at a cathode power of 4.5 kW and 6.0 kW are summarized in fig. 7.11.
As already mentioned in subsection 6.5.3, for the given coating thicknesses in grazing inci-
dence configuration only peaks of the coating are detected and there are no reflections of the
underlying substrate material. The peak positions for cubic TiN (JCPDS 00-038-1420) and
cubic AIN (JCPDS 00-025-1495) stated in the JCPDS data base are plotted as dashed lines in
fig. 7.11. All coatings consist of the single-phase cubic Ti;.xAlxN solid solution, as there are
no peaks of the hexagonal phase recognizable. By substituting Ti atoms by smaller Al atoms
in the TiN lattice, the peak is shifted to the right until it reaches the AIN peak position for
100 % AIN [45, 72]. Since the composition of the deposited coatings is approximately
60 mol% AIN and 40 mol% TiN, the detected peaks are located in between the peaks of TiN
and AIN (fig. 7.11).

In fig. 7.11a, the XRD patterns for the 4.5 kW series are shown. It can be observed that the
(111) peak increases with increasing total pressure. The pattern for the coating obtained in
process R475 (total pressure: 550 mPa) shows a slightly higher intensity of the (200) peak at
the expense of the still dominating (111) peak.

The XRD patterns for the 6.0 kW series can be seen in fig. 7.11b. The (111) peak is most pro-
nounced for the coating grown in process R476 (total pressure: 560 mPa) and slightly less
pronounced for that of process R478 (total pressure: 580 mPa). The intensity of the (111)
peak of the sample synthesized by process R477 (total pressure: 540 mPa) is somewhere in
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between. Additionally, it can be seen that for process R478 the (200) peak is nearly as high as
the (111) oriented one.

Summarizing fig. 7.11, it can be stated that the (111) peak increases with increasing total
pressure, with an only slight exception for the pattern obtained for process R478 (580 mPa,
6.0 kW).
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Fig. 7.11: XRD patterns obtained in grazing incidence configuration of the coatings deposited
using the PM targets at (a) 4.5 kW and (b) 6.0 kW for different total pressures.

Fig. 7.12 shows the XRD patterns of the coatings deposited by the processes of the 7.0 kW
series of the PM targets and by process R482 run with the mosaic targets, also at 7.0 kW. For
the patterns of the 7.0 kW series, deposited from the PM targets (R479 — R481: 580 —
620 mPa), it is obvious that also here the intensity of the (111) peak increases with increasing
total pressure. By comparing the pattern of the coating grown in process R482 for the mosaic
targets with the patterns of the processes for the PM targets it is quite evident that the (111)
peak of process R482 is less pronounced than for the other processes, while the (200) peak is
predominant. Furthermore, it is apparent that the peaks of the coating grown in process R482
are slightly shifted to the left compared with the others. Such a peak shift to the left indicates
compressive stress within the coating. Besides, the coating deposited in process R482 con-
tains less aluminum (compare subsection 7.3), which also explains the peak shift towards the
AIN position [45, 72].
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Fig. 7.12: XRD patterns obtained in grazing incidence configuration of the coatings deposited
using the PM targets at different total pressures and process R482 run with mosaic targets. In

all cases, the cathode power was 7.0 kW.

All observations made for the patterns derived in grazing incidence configuration are also

valid for the patterns obtained in Bragg-Brentano mode.

To get more detailed information about domain size, internal strain and preferred orientation,
the XRD peaks were fitted by the Pseudo-Voigt function and analyzed with the modified Har-

ris formula (compare subsection 6.5.3).

7.4.1 Preferred Orientation

The texture coefficients of all coatings were determined by using the modified Harris formula
[62, 65] with the corresponding intensities of both the AIN and the TiN reference powder
samples. In fig. 7.13, the texture coefficients of the coatings of the 7.0 kW series done with
the PM targets and of process R482, where the mosaic target has been used, are shown. There
are no significant trends in the series of the coatings deposited with the PM targets, but there
is a difference between them and the coating deposited using the mosaic targets. The outlined
texture coefficients obtained for the PM targets sputtered within the 7.0 kW series are repre-
sentative for the 6.0 kW and 4.5 kW series as well. The differences due to the pressure varia-
tion are very small. The preferred orientation is - as already visible in figs. 7.11 and 7.12 - the
(111) orientation. The trend of vanishing (111) towards a weak (200) orientation for the mo-
saic targets compared to the PM targets can be seen in both plots of fig. 7.13 and is even more
pronounced when using the TiN reference sample (fig. 7.13b). This difference in growth
mode of the coatings deposited with PM targets and mosaic targets can be attributed to the
different target materials and their different properties and, thus, to different growth condi-

tions, which are strongly influenced by the substrate ion energy E; and the substrate ion/atom
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flux ratio J;/J,. Mitterer et al. [57] observed for TiN a phase shift from (111) to (200) orienta-
tion by increasing one or both of these variables. This trend corresponds well to the findings
described above, which are related to the higher substrate current observed for the mosaic
targets compared to the PM targets, as already shown in fig. 7.7, and the higher bias voltage
used (see sub-sections 6.3 and 7.2.1).
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Fig. 7.13: Texture coefficients obtained for the coatings grown using the PM targets (proc-
esses R479 — 481) and the mosaic targets (process R482) with (a) AIN and (b) TiN as refer-

ence sample.

7.4.2 Domain size and Stress

To determine domain size and internal strain, the (111) peaks of the XRD patterns obtained in
Bragg-Brentano mode were fitted with the Pseudo-Voigt function. Fig. 7.14 summarizes the
obtained domain sizes. Basically, it can be seen that with increasing total pressure the domain
size decreases. For the coating grown using the mosaic target, a by a factor of about 3 lower
domain size compared to the PM targets has been found. This should again be related to the
higher bias voltage and higher substrate current used for the mosaic targets, as already men-

tioned and discussed in sub-sections 6.3 and 7.2.1. This also corresponds well to literature
[25].

The internal strain was unquantifiable small for some specimens (including R482 for the mo-

saic targets). For the other specimens, Hooke’s law was applied.
c=F-¢ (7.2)

There, o denotes the residual stress, £ the Young’s modulus and ¢ the internal strain. The re-
sidual stresses could be determined by using a Young’s modulus of 450 GPa (see section 7.7).
The resulting stresses were tensile with values between 350 -and 790 MPa. An unambiguous

correlation to the varying nitrogen partial pressure or cathode power could not be found.
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Fig. 7.14: Comparison of domain sizes obtained for the coatings grown at cathode powers of
4.5, 6.0 and 7.0 kW from the PM targets and by process R482 for the mosaic targets for dif-

ferent total pressures.

7.5 Coating Adhesion

The adhesion of the coating on the HSS substrates was classified according to fig. 6.5 (sub-

section 6.5.4). Tab. 7.2 summarizes the results of all coatings deposited from the PM targets.

The coating adhesion is excellent for all coatings, as adhesion classes between HF1 and HF3

could be obtained. No significant trends could be observed. The adhesion of the coating de-

posited with mosaic targets on HSS was already investigated in detail by Weirather [54],

where an adhesion of class HF1 was found.

Tab. 7.2: Coating adhesion classes as determined by the Rockwell C indentation test for those

coatings grown using the PM targets at different cathode powers and total pressures.

Cathode power Total pressure  Coating adhesion
Process

[kW] [mPa] HF
R473 560 1
R474 4.5 570 3
R475 550 1
R476 560 2
R477 6.0 540 2
R478 580 3
R479 580 2-3
R480 7.0 600 1
R481 620 2-3
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In fig. 7.15, the indents on the coatings synthesized in processes R478 and R480 representing

coating adhesion classes HF3 and HF1, respectively, are shown as representative examples.

Fig. 7.15: Optical micrographs of Rockwell C indents on coatings grown in processes (a)
R478 (cathode power: 6.0 kW, total pressure: 580 mPa), adhesion class HF3 and (b) R480
(cathode power: 7.0 kW, total pressure: 600 mPa), adhesion class HF1.

7.6 Residual Stress

Residual stress measurements using the wafer curvature method (see subsection 6.5.6) yielded
good agreement to the results of the Pseudo-Voigt analysis. For the coatings deposited using
the PM targets, tensile stresses in the range of 330 to 850 MPa were determined, which is in
good agreement with the values found by fitting the XRD patterns with the Pseudo-Voigt

function.

For the coating deposited using the mosaic targets (R482), compressive stresses of -975 MPa
were measured, confirming the peak shift in the XRD pattern of the respective coating ob-
served in section 7.4 (fig. 7.12). The formation of these compressive stresses is caused by the
higher bias voltage used for the mosaic targets, which results in a densification of the coating

microstructure [25].

7.7 Hardness and Young’s Modulus

The values for the hardness and the Young’s modulus, including the standard deviations, were
determined for the coatings from the 7.0 kW series deposited with the PM targets and for
process R482, where the mosaic targets have been used. The results are summarized in tab.
7.3. For the coatings deposited with the PM targets, there is no significant relation between
the total pressure and the hardness or the Young’s modulus; the values range between ~ 29
and 32 GPa for hardness and ~ 408 — 456 GPa for the Young’s modulus. The highest hardness
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of 35.3 £ 1.5 GPa was measured for the coating deposited in process R482 using the mosaic
targets. According to fig. 7.14 (subsection 7.4.2), the domain size of this coating is signifi-
cantly smaller than for the others. This indicates that the Hall-Petch effect [1, 73] plays a role.
Furthermore, according to sections 7.4 and 7.6, for the coating from process R482 compres-
sive residual stresses were determined, while for the PM coatings tensile stresses were de-
tected. Compressive coating stresses make it more difficult for an intender to penetrate into
the surface, while tensile stresses support it [74]. Therefore, apparently higher hardness values
are measured for coatings with compressive stresses compared to coatings with tensile
stresses [1, 73].

Tab. 7.3: Hardness and Young’s modulus of those coatings synthesized at a cathode power of
7.0 kW using PM targets (processes R479 — 481) and mosaic targets (process R482).

Total pressure | Hardness | Young’s modulus
Process
[mPa] [GPa] [GPa]
R479 580 324+2.0 455.7 £24.7
R480 600 29.2+0.9 422.9+9.0
R481 620 289+ 1.5 407.9+7.7
R482 580 353+ 1.5 455.8 £23.2

7.8 Tribological Properties

Tribological investigations using a ball-on-disc test against Al,O; balls were done for the
7.0 kW series using the PM targets and for process R482, where the mosaic targets have been
used. The measurements were carried out at room temperature. In fig. 7.16, the development
of the friction coefficient as a function of the sliding distance is shown. A running-in period
of 20 to 30 m can be observed; then the friction coefficient remains more or less constant in a

steady-state regime.
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Fig. 7.16: Friction coefficient as a function of the sliding distance for the coatings obtained by
processes R479 (total pressure: 580 mPa), R480 (total pressure: 600 mPa) and R481 (total
pressure: 620 mPa) done using the PM targets as well as by process R482 using mosaic tar-

gets. In all cases, the cathode power was 7.0 kW.

The friction coefficients summarized in tab. 7.4 are the mean values and standard deviations
determined by the InstrumX software of the tribometer, omitting the data from the running-in
period. In tab. 7.4 it can be seen that the friction coefficient shows a slight increase with the
total pressure for those coatings deposited from the PM targets. However, it should be men-
tioned that this increase is in the same range as its standard deviation and, thus, probably not
very significant. The friction coefficient obtained for the coating deposited from the mosaic
targets is slightly higher than those values obtained for the PM targets and in good agreement
with the values of Weirather [54].

Tab. 7.4: Friction coefficients of those coatings synthesized at a cathode power of 7.0 kW
using PM targets (processes R479 — 481) and mosaic targets (process R482).

Total pressure Friction coefficient p
Process
[mPa] [-]
R479 580 0.68 = 0.06
R480 600 0.73 £ 0.08
R481 620 0.76 = 0.06
R482 580 0.86 +=0.03
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In fig. 7.17, 3D views of the wear tracks are shown. At room temperature, the dominating
wear mechanism is abrasive wear caused by micro-plowing and micro-cutting [28, 32]. Espe-
cially in fig. 7.17b and c the thereby arisen grooves can be identified. The wear coefficient
was calculated for all four specimens (compare subsection 6.5.7). The results are shown in
tab. 7.5. The wear track of the coating grown by process R479 (fig. 7.17a) appears very
smooth, which corresponds to the obtained friction (tab. 7.4) and wear coefficient (tab. 7.5)
which are both the lowest ones obtained. The wear track of the coating from process R482
deposited from the mosaic targets does also not show very pronounced abrasion grooves, al-
though it exhibits the highest friction coefficient as well as the highest wear coefficient. The
obtained wear coefficients confirm what already could be concluded from the 3D views of the
wear tracks. The wear coefficient increases with increasing total pressure for those coatings
deposited using the PM targets. The wear coefficient obtained for the coating deposited from
the mosaic targets is slightly higher than those obtained for the coatings deposited from the
PM targets, but it corresponds — as also the friction coefficient — well to the results of Wei-
rather [54]. Kutschej et al. [72] obtained slightly higher values for the friction as well as the
wear coefficient. This can be attributed to the low normal load (1 N) used there, which has
been reported to result in significantly higher friction coefficients [75]. Furthermore, also the
humidity during the test can be assumed to influence the friction coefficient. The tribological
investigations of Kutschej ef al. were done at a relative humidity of 40 — 50 %, while the in-

vestigations within this thesis were done at 27 + 1 % (compare subsection 6.5.7).

Tab. 7.5: Wear coefficients of those coatings synthesized at a cathode power of 7.0 kW using
PM targets (processes R479 — 481) and mosaic targets (process R482).

Total pressure Wear coefficients
Process
[mPa] [m3/Nm]
R479 580 7.69-107°
R480 600 9.84-1077°
R481 620 1.03-10™
R482 580 1.04-10™

52



Nina Juri 7 Results and Discussion

(2) (b)

4837 um 4637 um

(©) (d)

4637 um ) 4537 um

Fig. 7.17: 3D view of the wear tracks of the coatings synthesized in processes (a) R479 (total
pressure: 580 mPa), (b) R480 (total pressure: 600 mPa), (c) R481 (total pressure: 620 mPa)
done using the PM targets as well as process (d) R482 using the mosaic targets. In all cases,

the cathode power was 7.0 kW.
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8 Summary and Conclusions

Within this thesis, powder metallurgical and mosaic TiAl targets for sputter deposition of
Ti;.xAlxN hard coatings were compared with respect to the coating process and some charac-
teristics of the obtained coatings. In pursuit of this goal, Ti;.xAlxN coatings were deposited on
high speed steel substrates by reactive unbalanced magnetron sputtering. As with the utilized
industrial-size sputter device mosaic targets with aluminum inserts arranged in a titanium tar-
get have been used, a well established standard deposition process was available, while for the
powder metallurgical targets with an Al/Ti atomic ratio of 60:40 first of all the deposition
process had to be optimized. For that reason, variations of the target sputter power and the
nitrogen partial pressure have been done. It became apparent that in order to run a stable proc-
ess with the same cathode power as with the mosaic targets, a 7 % higher nitrogen partial

pressure was required than for the mosaic targets.

The implemented sputter process for the powder metallurgical targets was compared to the
commercially applied mosaic target process by taking into account the sputtering yields of
titanium and aluminum and the respective deposition rates. The deposition rate obtained with
the mosaic targets was approximately 44 % lower than that of the powder metallurgical tar-
gets. This is mainly due to the different target materials and therefore different sputtering
yields. The powder metallurgical targets consist of an aluminum matrix with titanium grains
embedded, while the mosaic targets consist of a titanium matrix with aluminum filled holes.
The Monte Carlo based SRIM software was used to simulate the sputter process and to clarify
the differences in sputtering yield. The calculations indicated that the sputtering yield of alu-
minum in an argon/nitrogen mixture of 60/40 is, depending on the ion energy, approximately
37 - 49 % higher than that of titanium.

At constant total process pressure, the mosaic targets showed a slightly higher target current
which indicates a higher sputter erosion rate. On the other hand, in the given commercial
process with the mosaic targets the bias voltage was slightly higher than that used for the
powder metallurgical targets, indicating that re-sputtering might play a role which reduces the
deposition rate. A further reduction of the deposition rate might result from the higher sub-
strate current occurring in the mosaic target process, which originates from the higher bias
voltage and also from the higher cathode currents. Therefore, the advantage of the higher tar-
get current and the disadvantage of the higher bias voltage and substrate current seem to com-

pensate each other.

The usable thickness of the powder metallurgical targets is 66 % higher than that of the mo-
saic targets. Therefore, the acceptable erosion track of the powder metallurgical targets can be

deeper and consequently the target lifetime is longer.
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The coatings deposited from the mosaic targets contained less aluminum than the coatings
deposited from the powder metallurgical targets. The actual aluminum to titanium atomic ra-
tio of the coatings deposited with the powder metallurgical targets was 63/37 and lies slightly
above the target composition, while for the coatings deposited with the mosaic targets it was
56/44.

All coatings consisted of single phase cubic Ti;_xAlxN solid solution. The coatings deposited
from the powder metallurgical targets exhibit a (111) preferred orientation, while the coating
from the mosaic targets showed a trend towards a (200) orientation. With increasing nitrogen
partial pressure for the coatings deposited with the powder metallurgical targets, the domain
size of the Ti;.xAlxN phase decreased. The domain size of the coating deposited with the mo-
saic targets was significantly smaller than for the coatings synthesized using the powder met-
allurgical targets. While for the coating deposited with the mosaic targets compressive
stresses were determined, tensile stresses were obtained for the coatings grown from the pow-
der metallurgical targets. The differences in domain size, preferred orientation and stress
could be related to the slightly more intense and energetic ion bombardment conditions used

in the mosaic target process.

The hardness of the coating deposited with the mosaic targets was slightly higher than that of
the coatings synthesized with the powder metallurgical targets. This can be attributed to the
smaller domain size and, therefore, to the Hall-Petch hardening effect as well as to the com-

pressive residual stresses. Coating adhesion was excellent in all cases.

Tribological investigations revealed that both the friction coefficients and the wear coeffi-

cients were slightly lower for the coatings deposited with the powder metallurgical targets.

In conclusion, the investigations showed that by sputtering from powder metallurgical targets
coatings with comparable properties to those deposited with mosaic targets could be grown in
less deposition time and with longer target lifetime. Already after obtaining this relatively
early stage of knowledge, the coatings grown from the powder metallurgical targets show
lower friction coefficients and higher wear resistance, where the latter might be related to
their higher aluminum contents. Nevertheless, there seems to be further potential for improv-
ing these coatings, most promising by turning their stress state from tensile to compressive by

optimizing the substrate ion bombardment conditions.
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