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ABSTRACT

The oxidation behaviour of TiAIN based hard coatings with the addition of Cr
and/ or Y was investigated using scanning electron microscopy, scanning/
fransmission electron microscopy, energy dispersive X-ray analysis,
thermogravimetry and X-ray diffraction. The coatings were deposited using the
combined cathodic arc/ unbalanced magnetron deposition technique. The main
practical application of these films is dry high speed cutting in difficult to cut
materials such as AISI A2 steel. Especially in the case of TIAICrYN coating with
an oxynitride and Cr-enriched overcoat, extensive research on the oxidation
behaviour was performed and described here. Heat treatments in air between
600-1000°C for different duration were carried out.

The Tip44Alps4Croo2N coating was used as the starting point for the
investigations. The effect of heat on the composition of the interface region was
investigated. This region is of utmost importance for the adhesion of the film. In
the case of TIAICIN the interface stability was not guaranteed because of
diffusion of the substrate elements Cr and Fe to the coating surface after
annealing for 1h at 900°C. In comparison, the diffusion of substrate elements
Cr and Fe in a ~2.3um thick coating of Tip43Alo52Cro03Yo02N and of
Tio.3s4Alo62Cro.03Y0.01N with overcoat, reached only a distance of ~600nm into the
coating. This was achieved by the diffusion of Y to the grain boundaries. Y
probably reacted at the same time with inward diffusing O. The diffusion of Y to
the boundaries was observed after heat treatment for 1h at 900°C or 10h at
800°C. :

Tio26Alo26N/Cro4sN was the coating with the least oxide layer growth after
oxidation for 1h at 900°C. An oxide layer thickness of only ~100nm was
measured. For the TIAICrYN coating with overcoat an oxide layer of 230nm and
for TIAICTYN of 430nm formed after 1h at 900°C. TiAICrN in comparison formed
an oxide layer of ~800nm after 1h at 900°C.

The oxide layers formed after 1h at 900°C consisted mainly of an Al,O3; and
TiO, bi-layer in the case of TiAICrN and TiAICrYN. The addition of a Cr-rich
oxynitride overcoat led to the formation of a mixture out of Al,03 Cr203 and TiO2
in the oxide layer. In the case of TIAIN/CrN, a solid solution consisting of Cr;03
and AlLO3; was observed. In general a stress relief after heat treatment was
observed. At the same time the formation of voids along the column boundaries
was identified. This was explained with the relaxation and diffusion of defects
created during the deposition process.

The effect of different substrate materials on the oxidation behaviour was
also investigated. It was found that the formation of substrate oxides on the
coating surface is very much dependent on the onset point of oxidation of the
substrate material itself. The oxidation of substrate material occurred mainly
through growth defects and pinholes. In cases where cracks formed during heat
treatment of the coating, the formation of oxides out of substrate elements were
observed in eracks connecting the substrate with the coating surface. Changing
the bias voltage altered the formation of cracks.

This research emphasises the importance of Y in the oxidation mechanism
of TiAIN based hard coatings. Y blocks the diffusion path along the column
boundaries and thus slowed down the diffusion and oxidation process. At the
same time the addition of Cr can increase the oxidation resistance
considerably, which was observed in the TIiAICrYN coating with and without
overcoat.
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Chapter 1 - Introduction

1 INTRODUCTION

One of the research interests of the Surface Engineering Group at Sheffield
Hallam University is the development of physical vapour deposited hard
coatings to protect dry high speed cutting tools [1, 2, 3]. In 80% of all performed
cutting operations coated tools are used [4]. Industry demands faster cutting
process, higher'quality and longer life-time of the cutting tools, hence further
development of hard coatings is necessary. By the term hard coating, films with
hardness values in the range of HKp 25 2000-4000 are implied.
 The physical vapour deposition technique uses ion bombardment to produce
a thin film on a substrate. The main advantages of PVD over other techniques
like CVD are the low deposition temperatures, typically below 500°C, the
smooth surface finish and the good adhesion [5]. Higher reliability of PVD
coated tools over CVD coated tools was also reported [6]. Thin films of around
2-3um are generally sufficient to protect the cutting edge. A combination of
cathodic arc and sputter deposition was shown to create good adhesion,
smooth surfaces and the use of a wide variety of materials [7].

Through the low deposition temperatures (below 500°C) metastable
structures are observed, which create a unique set of materials with new
properties. These new materials can be used in hard material coating systems
up to 1000°C [8]. These hard coatings can be improved in many ways,
changing the structure and/ or composition, increasing the hardness and
improving the wear behaviour [9, 10]. More and more sophisticated coatings are
needed to be able to keep up with different specialised demands like low
temperature deposition, high corrosion resistance, oxidation resistance and
good wear resistance.

Binary coatings are also referred to as first generation and ternary coatings
as second-generation films. The second generation coatings TiAIN and TiCN
used for tool protection were a break through, because of higher hardness and
longer life-time than the first gen.eration coating TiN. TiAIN has advantages over
TiCN and TiN, because of its high oxidatiqn resistance up to 850°C [11, 12]
compared to TiN and TiCN, which oxidise at 550°C and 450°C, respectively.

1
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The development of specialised hard coatings like TIAICrYN [13] was a solution
from Sheffield to satisfy this demand.

Composite or layered structures are ways of improving properties of hard
coatings. Nanolayered coatings have typically two different alternating
components and layered structure of less than 10nm [14, 15]. Various
combinations of nanolayers have proven to increase the properties of coatings
in terms of hardness [14], wear resistance [16, 17] and corrosion resistance
[18], [19] and [20]. TiN and TiAIN are frequently used layer materials.
Combinations like TiN/Ti [19], and TiAIN/CrN [21] were reported to have
improved properties in terms of corrosion profection and oxidation behaviour,
respectively. Improvement in dry high speed cutting and oxidation resistance of
TiAIN was achieved by adding Cr and Y [13]. The oxidation resistance is a very
important parameter for the development of coatings for dry high speed cutting,
due to the temperatures developed at the cutting edge [21, 22, 23].

TiAICrYN has been successfully applied mainly on cemented carbide tools
in a commercial production machine [1]. Other coatings like TiIAIN/CrN, due to
its high oxidation resistance [21] and with the very low friction coefficient are
also very interesting coatings for dry high-speed cutting. The oxidation
behaviour is seen as one of the key factors to improve the life-time in dry high
speed cutting operations. To be able to further improve these properties an in
depth knowledge of the coatings oxidation behaviour is necessary.

The aim of this study was to understand the oxidation behaviour of the
TiAICIYN coating and nanolayered TiAIN/CrN coating in more detail and to
compare it to TIAICTN. Wear creates oxidised particles; it might therefore help to
understand the coating properties, when the oxidation behaviour is analysed.
Another important part of these investigations was the behaviour of growth
defects during heat treatment. Growth defects are inevitably created, due to
droplet deposition using a cathodic metal ion etch to create the good adhesion
needed in cutting applications [24, 25]. |

Investigations in the oxidation behaviour of PVD hard coatings exist, but
they are reported mainly for specific coatings and compounds. TiN, CrN and
TiAIN are systems long enough on the market to have a more. extended
coverage in terms of oxidation behaviour [11, 12, 26, 27, 28, 29, 30, 31]. From

these coating systems it was obvious, that the deposition process can vary
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those properties. Research results from other systems like MeCrAIY alloys can
offer hints and ideas only; because of the different nature of the system. For a
specialised application, like dry high speed cutting, investigations on the real
coating system are important to be able to improve it further.

The following aspects of oxidation of hard coatings were investigated:

The first investigations were made on Tig44Alo54Cro.02N, because it is used
as a basis for the other coatings under investigation, by adding Y or increasing
the amount of Cr in the coating. The combination of thermogravimetry, scanning
and transmission electron microscopy, X-ray diffraction and STEM with EDX
analysis should allow investigation of the coating in detail. Thermogravimetry
and XRD allow the overall oxidation behaviour to be investigated. With SEM
and EDX it was possible to study some local differences in the oxidation
behaviour on defects. TEM and STEM-EDX on cross sectional samples
provided information about the structure and changes in composition of the
surface and the interface region of the coating. The combination of research
methods employed should contribute to existing knowledge of TiAIN based
coatings. An understanding of the properties of Tip44Alp54Croo2N will help to
understand the other films under investigation. Additions of Y or Cr into the
TiAICrN process led to the formation of TIAICrYN and TiAIN/CrN. The results on
Tio.44Alo 54Cro.02N shall help to point out specific points of excellence of the other
films.

In the case of Tig43Alo52Cro.03Y0.02N, the original film [32, 33] and coatings
out of the production machine with (Tip34Alo62Cro03Y0012N) and without a
special designed oxynitride topcoat (Tig.4sAlo.48Cro.03Y0.14N) were compared to
each other. TiAICrYN with a topcoat (Supercote 11) is an improvement of the
original TiAICTYN coating and used in commercial applications. It is frequently
produced by Bodycote SHU Ltd. Some of the research methods were not
previously applied to the original coating, therefore it was re-characterised in
this study to be able to make comparison to the TiAICrYN with oxynitride
topcoat. The effect of temperature (constant time of 10h) and time (constant
temperature of 900°C) was investigated.

The effect on the oxidation behaviour of the nanolayered Tip 26Alp.26N/Cro.2sN

coating was investigated (i) by adding Cr to Tip44Alo54Cro.02N and (ii) by varying

3
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the bias voltage in the TIAIN/CrN system. The TiAIN/CrN coating deposited
with 8kW power on the Cr target has the best mechanical properties [21].

The TIiAICrYN coating and the TiAIN/CrN 8kW systems were additionally
a_nalysed concerning the oxidation behaviour of growth defects.
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2 LITERATURE REVIEW

TiAIN based hard coatings are used in dry high speed cutting applications to
increase the life-time of the cutting tools. The tool requires protection against
the high temperatures and forces created at the cutting edge. An understanding
of the oxidation mechanism of the hard coating and the coating process will
allow an improvement in the coating behaviour.

2.1 Physical Vapour Deposition

There are many different PVD techniques. Steered CA and UBM, are two
techniques of the PVD family and have been used in a combined process
known as ABS to deposit the coatings used. In both methods target material is
vaporised and transported through the chamber under vacuum conditions (107
- 10 mbar) to the substrate material. An arc is used to vaporise material from
the target in arc evaporation. In sputter deposition the target material is
vaporised by ion bombardment. The reaction between metal species and
reactive species like N, or O, takes place on the substrate surface to generate,
e.g. nitrides and oxides. The CA and UBM techniques are described in detail
after the ABS technology. A more detailed understanding is necessary to
interpret the appearance of growth defects or a fine grained microstructure,

instead of a columnar growth structure, in the films produced.

2.1.1 ABS Technology

The Arc Bond Sputter technique, employed in the present study, combines
the two PVD techniques of ‘Steered Cathodic Arc Evaporation’ and ‘Closed
Field- Unbalanced Magnetron Sputtering’ [7]. The idea behind this arrangement -
is the combination of the advantages of each technology into one system [7],
[34]. The main advantages used from both techniques are summarised in

; :
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" Figure 2-1. The superior film adhesion needed for dry high speed cutting
operations can be obtained by ion implantation with species stemming from a
steered CA discharge. The substrate is bombarded with multiply charged metal
ions from the arc source with energies of typically 2.4keV [35]. This provides in
case of Cr'? as etchant high etching rates and less influence of residual gases
[36, 37]. The UBM sputtering allows droplet free material deposition and a high
controllable degree of ion bombardment of the growing film, which is important
to adjust the film properties. The degree of ionisation of the magnetron plasma
is around 10%, whereas the arc plasma has a maximum of 90% ionisation
measured close to the target [38]. The UBM technique offers also the bigger
versatility in material selections.

Combined

CA/UBM Process
ARC Mode Sputter Mode
*cheap ‘more expensive
*easy ssophisticated
*well adherent *adhesion critically
srough *smooth
slimited material *wide material choicv
choice

Figure 2-1: Advantages of the combined cathodic arc/ unbalanced magnetron
deposition process.

As a result of these characteristics a “typical” ABS process employs the arc
source for the substrate sputter cleaning and ion implantation step prior to
coating deposition, while the film deposition is carried out using unbalanced
magnetron sputtering. The key process steps have been described in [2, 7].

To enable CA and UBM deposition the cathodes were specially designed.
This was an important step to be able to combine the properties of both
techniques [7, 34]. High pumping speed and good process control are needed
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for reactive sputter deposition of stoichiometric films. These important features

are described in more detail below:

2.1.1.1 Cathode design

The special configuration of the magnets at the cathode (Figure 2-2) and the
special layout of the power supply enabled the change between the different
techniques. The magnetron arrangement of the permanent magnet array
(CoSm magnets) is enhanced (Figure 2-2). The degree of unbalancing can be
adjusted using concentric electron coils (B~200-300 Gauss). This provides
practically free control over the magnetic field confinement and the bias current
density by adjusting the coil current. In the arc mode the distance between the
pole areas of the magnetic array behind the cathode and the cathode body is
increased, which lowers the magnetic field at the target surface (Bx50 Gauss),
to allow steered arc operation via the coils. The difference between the
horizontal magnetic component in magnetron sputter and cathodic arc mode is
approximately 200-500G to 20-50G, respectively. A magnetic coil surrounds
each target and enables, to some extent, a control over the racetrack of the arc
[7]. Work in designing a multi-purpose cathode was also performed by [39].

B [V] UBM Mode
] H

-

Arc Mode

Erosion Track

Cathode |~ B
Magnetic
Field Lines
Hopping
T T
Permanent LL“ ]f ‘ ) Electrons
Magnet 3 '* 4
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Figure 2-2: Special cathode designed for combined CA and UBM process and a

target with field lines and erosion zone.

2.1.1.2 Process control

Process control is of major importance in reactive sputtering. A slight
change in parameters can change the properties of the coating deposited.
Some important features for process control on the machine used are the high
pumping speed, the reactive gas control, the cathode design and the
unbalancing via the outer coils. The high pumping speed allows to control the
amount of reacti\{e gas (nitrogen) over the pressure instead of a mass
spectrometer. The reason for this is that a hysteresis found in a pressure flow
diagram (Figure 2-3) disappears by increasing the pumping speed [40], [2].

NITROGEN PARTIAL PRESSURE

NITROGEN FLOW

Figure 2-3: Schematic drawing of the effect of system pumping speed S on the

hysteresis loop for S1 < S2 < S3 [41]

2.1.1.3 Pumping speed

The Hauzer HTC 1000-4 and HTC 1000/5 coating machines provide a very
high nominal pumping speed (4400 s providing optimum suitability for reactive
coating processes [34]. The vacuum system pumping speed is one way to

8
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ensure stoichiometric films and avoid target poisoning, by avoiding the partial
pressure/ gas flow hysteresis effect [41], [34]. Argon gas is used as working gas
and to create a minimum pressure level. The total pressure is precisely
controlled by a highly accurate manometer (Leybold Viscovac J_r0.2X1O‘?mbar).
The gas consumption is controlled by this instrument using constant total
pressure control in the range from 5x10° to 8x10™ mbar. The resulting partial
pressure, depending on the gas type used, is virtually proportional to the flow-
regulated argon gas feed. [34]. This allows control over the stoichiometry of the
coating via the total gas pressure.
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2.1.2 Unbalanced Magnetron Deposition

Sputtering is a vaporisation process in which surface atoms are physically
ejected from a surface by momentum transfer from an energetic bombarding
species of atomic/ molecular size [42]. It is an attractive method, because of the
wide choice of materials available for sputter deposition. The typical voltage/
current region to create a glow discharge is shown in Figure 2-4. The principle
arrangement for DC sputtering uses the material to be bombarded by ions as a

cathode (target) and the substrate holder as anode under specific vacuum
conditions.
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Figure 2-4: Current-voltage relation for the various types of plasma discharges
between two powered electrodes

UBM deposition is a development of the simple DC arrangement. Argon is
mostly used as a working gas to bombard the target, because it is non-reactive,
relatively cheap and its ions have, due to their mass, enough kinetic energy to
produce a good sputter yield [38]. lons from the working gas are accelerated
towards the target surface. An ion that strikes the cathode generates heat,
neutral atoms, some ions and secondary electrons. The secondary electrons
are primarily responsible to sustain the glow discharge [38], [42]. The energetic
state and the energy of impinging ions on the substrate surface is in general
lower than for arc evaporation, hence the rate of film growth is lower than for
arc evaporation.
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A higher efficiency of the sputter method is achieved by magnetron
deposition. With a magnetic field behind the target surface the electrons are
confined and the ionisation is increased. In case of the planar magnetron a
looping magnetic field is used, which restricts the sputter erosion of the target to
a “racetrack” [38] (p. 268). Magnetron sputtering allows high deposition rates.
However, the resulting bias current densities and the influence on the current
density at the substrate are low. This influence is of major importance, enabling
changes in the coating structure without using the bias voltage, which would
increase the amount of trapped working gas the incorporation of defects and
stress in the coating [42]. With unbalancing the magnetron it is possible to alter
the ion flux on the substrate Figure 2-5 [43]. It also provides the possibility to
increase the target substrate distance. TiN deposited films on substrates
200mm away from the target with current densities as high as 6mA/cm? have
been reported [44], which is similar to ion plating techniques [45]. This allows
production of hard wear resistant coatings at low substrate temperatures [44].
The unbalanced magnetron has the additional benefit that the ion energy and
the ion flux can be varied independently of one another.

Conventional Unbalanced

Substrate ubstrate

PLASIE
Electromagnetic

Foils\ 17 XY7SX

Figure 2-5: Magnetic field confinement in planar geometry and in UBM

X<

geometry.

2.1.2.1 Closed field unbalanced magnetron sputtering

The ABS system utilises a closed magnetic field system, which confines the
plasma between the cathodes through magnetic fields. This system increases
the efficiency of the UBM further and allowed coating of complex three
dimensional substrates [7], [46].

11
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Figure 2-6: Cathode, substrate and magnetic field arrangement in the Hauzer
machine used. The coils surrounding the cathode are not shown.

The Hauzer 1000-4 coating machine is an unbalanced magnetron four-
cathode system of industrial size (cathode 600x198mm?). The magnetic
polarisation in this machine alternates from cathode to cathode (Figure 2-6).
Opposing cathodes have the same polarisation. The closed magnetic field
minimises the loss of charge carriers to the machine walls. The confined
plasma creates a mean bias current density of 2 mAcm™ in a distance of
approximately 30cm. The ion-to-neutral arrival ratio achieved is similar to an ion
plating system. The electromagnets around the cathode control the unbalancing
effect and allow an adjustment of the degree of ionisation in the chamber. The
substrate temperature and the ion to neutral ratio are adjustable independently
of the coating rate [7]. This allows deposition of dense coatings at low

temperatures.

2.1.3 Cathodic Arc Deposition

In the arc deposition technology a highly energetic cathode spot is created
to vaporise the target material thermally. To create an arc the target material is
used as cathode, where the arc is initiated, and the vacuum chamber wall as an
anode. The voltage/ current energy region for creating an arc is illustrated in
Figure 2-4. The ions have high energies (multiply charged), typically 50-100eV,
and are predominantly emitted perpendicular to the target surface [47]; [48].

12
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The substrate material is often negatively biased to attract more ions. The high
energy of impinging ions on the substrate can lead to sputter etching or ion
implantation. The applied substrate bias voltage and the resulting bias current
density play a key role in changing the effects upon the substrate surface and in
creating the adhesion needed [37, 47, 49]. A cathodic arc Cr-ion etch with
-1200V bias was shown to remove at least 100nm material after 20min etching
time thus providing a thoroughly cleaned surface and to generate an
implantation zone of 7nm in the steel substrate [37].

In the steered arc method developed by [50] the arc is captured by the
magnetic field of a permanent magnet. Rotation of the magnet during
evaporation causes the arc to follow. The advantage of the steered arc
technology over the random arc is, that the arc spot cannot stay for a prolonged
period on a spot, which reduces the amount of droplets produced. A stationary
magnetic field coil, positioned behind the target, can be used to guide the arc
and increase the velocity of the arc spot over the surface [51]. The higher the
speed of the arc the lower is the number of droplets produced. Without this
magnetic array the arc moves randomly. Additional confinement of the arc spot
cathode was achieved by using a magnetic permeable ring (boron nitride) [52].
This confinement guides the arc back on the target surface and prevents other
parts of the machine from flash evaporation.
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Figure 2-7: Arc spot motion in a steered cathodic arc
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The arc spot creates electrons and ions. The charged state of this source is
the reason why the arc can be steered by a magnetic field. The arc spot sits
preferentially at the point where the vertical component of the magnetic field is
zero [53], resulting in an arc track as shown in Figure 2-7. Due to the Hall effect,
the arc will travel along this track at high velocity. The spot velocity increases
with increasing magnetic field and saturates at a certain field (V = 10-100ms™)
[47]. The direction of the arc motion is known as “retrograde”, it moves against
the Ampere rule. This arises from the fact that the current is mainly carried by
the positive ions, hence reversing the direction of the Hall effect occurs.
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Figure 2-8: Schematic of the formation of a nodular defect overgrowing an arc-
induced macro-particle [54] and of the creation of defects in TiN and TiAIN
coatings [55].

One of the drawbacks of the cathodic arc deposition are macroparticles
generated in the metal ion etching stage which result in the formation of growth
defects [24, 25, 34, 55, 56]. It was shown, that the size and the number of
droplets are substantially reduced by the steered cathodic arc Cr metal ion etch
in comparison to Ti or Ar etches [24, 25]. The droplet size can be reduced with
the different melting point of the cathode material. Other ways to reduce the
amount of droplets would be to increase the speed of the arc, reduce the
cathode current density and effective cleaning of the cathodes [47], [56].
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Why are droplets problematic? Droplets are shadowing the surface to be
coated. This results in an attenuated ion and deposition flux, creating a defect
structure that surrounds the droplet. A low-density zone or even a gap between
growth defect grain structure and the coating is produced (Figure 2-8) [54]. In
other cases the droplets and the defects, grown on the droplets, may be
expelled from the coating during film growth (Figure 2-8), due to compressive
stresses generated by the growing film [55]. The low density zone is
preferentially attacked by corrosive media [18], [57] and oxidation at elevated
temperatures [58]. |

2.2 Microstructure and properties

In vapour deposition processes coatings are formed from a flux of atoms
that approaches the substrate from a limited range of directions and as a result
of this the microstructure of the coating is columnar in nature. It is obvious that
the columnar structure is a disadvantage for oxidation or corrosion protection of
substrates, because a quick diffusion path between subétrate and coating
surface exists along the column boundaries [59], [60]. It is desirable to control

the structure of the coating and to know more about the influencing factors.

2.2.1 Structure Zone Models — Influence of Various Coating

Parameters

It has been mentioned before that the process parameters, such as
substrate temperature, gas pressure, ion-to-neutral ratio and the bias voltage,
influence the coating structure. The coating structure influences coating
properties such as hardness and stress, which was demonstrated for various
coating systems (TiAIN) [62], (TiN) [63], (general) [64], (Ta) [65].

Movchan and Demchishin [66] developed the first model of a coating based
on observations from vacuum evaporation. It correlated three structural zones
to the ratio T/T, , where T, is the mellting point of the coating material. The
model described three zones. The first zone has a porous tapered columnar

structure with domed tops; zone |l consists of denser columnar grains with
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smooth surfaces; and zone Il consists of dense equiaxed grains. Computer
simulations showed that low adatom mobility can account for thé microstructure
in zone | because it leads to atomic self-shadowing which results in
incorporation of microvoids. At a certain substrate temperature the adatom
mobility is sufficiently high to change the structure from porous columnar to a
structure with no microvoids [67].

AR

Figure 2-9: Schematic of a PVD coating structure. An intrinsic grain structure is

superimposed upon a columnar structure that can be defined by voided
boundaries [59].

Thornton introduced a schematic [59] of the superposition of growth .and
microstructures for films deposited under conditions of low adatom mobility
(zone 1) and pointed out that the boundaries are energetically preferred (Figure
2-9). The activation energies for surface, grain boundary, and bulk diffusion are
typically in the ratio 1:2:4 so that at T/T, < 0.5 surface and grain boundary
diffusion rates can be orders of magnitude larger than bulk diffusion rates.
Messier pointed out that it is important to consider voids and columns not as
singular entities in modelling; practical considerations like diffusion through
voids cannot be thought of in terms of Fick’s law but rather like blood flowing
through a sysierh of veins and arteries as they permeate every part of a body
[60]. Fortunately, it has been shown that by increasing the adatom mobility, the
structure of PVD coatings can be positively influenced:

Thornton and Messier investigated the influence of gas pressure and bias
voltage (ion bombardment) on the microstructure, respectively, and developed
the Movchan-Demchishin model further. The Thornton model [61] includes an
additional ‘Zone T’ which consists of densely packed fibrous grains between
zone | and Il (Figure 2-10). Messier [68] replaced the pressure axis with a bias
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voltage axis. His model includes therefore an additional ion energy contribution
to the film growth. He found that an increase in bias voltage suppressed the
formation of zone 1 or widened zone T, due to the enhanced adatom mobility.
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Figure 2-10: Thornton’s structure zone model [61].

Freller et al. [69] postulated the growth of dense coatings at bias current
densities > 2 mA cm™ and a substrate temperature of 300°C. Transmission
electron microscope investigations on coatings where the ion-to-neutral arrival
ratio at the substrate was varied showed, that an ion-to-neutral ratio of/ or
above 4 was sufficient to cause the growth of dense films with a more equiaxed
grain structure, due to renucleation [70]. Grain refinement was achieved by
increasing the ion-to-neutral ratio arrival ratio on the substrate [63]. An attempt
was made to find a universal energy parameter to account for the ion energy
and the ion to neutral ratio incident at the growing film [71]. Investigations
performed on TiAIN films showed that the properties of the coating are different,
depending on varying the ion energy or the ion-to-neutral ratio. From this it was
concluded that no universal parameter exists combining these two parameters.
lon energy and ion flux are considered as fundamental parameters with
separate effects [72].
 The variations of the previously mentioned parameters have a direct
influence when specimens with edges (such as end mills) are coated. It was
found in arc deposition that the surface roughened towards the edge, due to a
higher concentration of macro-particles, if a bias voltage was applied. The
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reason was seen in the ion current density, which is higher at the edge than on *
the flat surface. When an interrupted bias (0V/ -100V) coating process was
used, reduced macro-particle accumulation on the edge was observed.
Additionally, variations of the deposition rate and the atomic composition were
observed between the edge and the flat surface, due to different ion current
densities [73].

These models showed the possibility of engineering the coating structure for
a particular application and the importance of controlling the parameters
separately. Grain refinement and a dense structure are important properties for

corrosion or high temperature resistant films.

2.2.2 Multicomponent and Multilayer coatings

Coatings designed to fulfil a specialised task are frequently multicomponent
or multilayer coatings. The binary coatings are often not able to fulfil all required
properties at the interface and at the coating surface at the same time (Figure
2-11). Holleck was one of the first to discuss the possibilities of multicomponent
coatings to improve certain properties [9], together with other researchers in this
field (TiN) [74] (TIAIN) [12].

Surface interaction with work
A~ piece or environment

Hardness, {fatigue) Strength,
Internal stress, Fracture toughness
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Layer

Figure 2-11: Schematic shoWing important regions of a coating, that need to be
optimised for a specific task [9]. The properties required of a cdating for dry high
speed cutting are: (i) low friction coefficient, good wear resistance of the
surface, (i) heat resistant coating, (iii) interface that has to withstand the
mechanical forces applied.
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Another way of improving tool coatings was achieved by using multilayer
coatings with a layer thickness in the nm range. These coatings have properties
that cannot be achieved with a multicomponent coating of a similar composition.
Helmersson and co-workers [14] combined TiN and VN and achieved an
increase in hardness by about 2.5 times more than would be expected from the
“rule of mixtures”. The unique properties of multilayered hard coatings could

lead to materials with hardness approaching that of diamond (Figure 2-12).
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Figure 2-12: Comparison of hardness values of a range of common materials
[75].

The high hardness materials achievable with multilayering have many
applications wherever resistance to abrasion and wear are important. Other
terms used for multilayer coatings are superlattice structure [14], [76] and nano-
laminates [27]. The increase in hardness at a certain bi-layer period was termed
the “superlattice-” or “supermodulus-effect”. The superlattice effect was
reported when the bi-layer was in the range of several nanometers. Table 2-1
shows various nanolayered compounds where a superlattice effect has been
reported.
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Coatings Multilayer Version
TiVN HVg.01 2200 o4 4 TiN/VN HVg o1 5400 o4 /"4
TiNbN HKop,g25 2200-2400 '™ TiN/NbN HV 3400 [78]
TIAIN HKg 025 2300-2400 77 TiN/AIN HK; 05 4000 o5 [79]
TiZrN HKg 025 2400-3600 77 TIAIN/ZN HKg 025 4000 177

Table 2-1: Various examples of coatings were a supermodulus effect was
achieved by multilayering.

Various reasons for the superlattice effect are given, all relate to restricted
dislocation movement: Dislocations are mainly responsible for plastic
deformation in crystals. Restricting the dislocation movement should strengthen
the material; an energy barrier is created by the lattice close to the interface. It
takes a higher degree of energy for a dislocation to move over the interface
barrier. For miscible materials such as TiN/NbN the interfaces between layers
can be at least 1nm wide. Broader interfaces reduce the effect of the alternating
layers as the interface occupies a much greater proportion of the layer
thickness. This also happens when the bi-layer is very small (1-2nm). It has
been suggested that multilayers that are not isostructural could have an
advantage over isostructural materials because their interface would be more
abrupt.

Multilayer coatings showed other positive properties arising from the"layered
structure. It was found that cracks are deflected at the interface zone [16],
- different failure mechanism were reported for a TIAIN/CrN and a TiAIN coating
in the initial stages of the wear behaviour. The multilayer coating abraded by
delamination of the first view layers [17].

Non-isostructural and immiscible superlattice structures are also under
speculations that their superlattice structure would stay stable at elevated
temperatures [75].
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2.3  General Oxidation Theories

Basic oxidation principles can be explained by referring to the oxidation
behaviour of metals. Most metals, with the exception of noble metals such as
gold form an oxide film on the surface when in contact with oxygen, although
the reaction is sometimes very slow. The thickness and appearance of the
oxide film depends on variables such as temperature, purity of oxygen gas, the
surface of the metal and the crystallographic orientation [80] (p-1).

Oxidation starts at the metal gas interface and a very thin oxide layer will
form, between the metal and the reactive gas. The layer between the metal and
the gas interface can have various shapes. Further reactions can take place
through a compact layer or one that contains pores and/ or cracks. This further
reaction may involve atomic diffusion or the diffusion of gas molecules through
the cavities or along grain boundaries, leading to many possible diffusion
behaviours, and rate controlling models. Oxide layer formation can be observed
in a metal if various different oxides exist (e.g. Fe). In the case of an alloy either
one or all the components react with the gas. The resulting layer may be a
mixture of different particles or clearly subdivided into individual layers. [81]
(p.88, 112).

2.3.1 Effects on Rate laws

Careful analysis of rate data can help to limit the possible oxidation
mechanisms. The most common rate mechanisms are of logarithmic, parabolic,
and linear nature (Figure 2-13), although they represent only limited and ideal
cases. A combination of laws is also quite often encountered.

In the case of rate law investigations of oxidation on hard coatings the
parabolic rate law is frequently observed [11, 28, 29, 82, 83]. The investigated
time frame ranges from typically 30min to 2 hours. Unfortunately, often no
-detailed description of the oxidation method and the structure of the oxide layer

formed is given. The data was often presented only as an Arrhenius type plot,
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which makes cross. comparison difficult. In the following section the parabolic
rate law and its most common interpretation are presented in more detail, an
explanation of the Arrhenius equation will be given.

“Furthermore, diffusion mechanism, oxide layer properties and the effect of
expansion of the oxide layer will be explained in more detail in chapter 2.3.1
and 2.3.2. These are properties that can be altered by changing the
composition of the coating.
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Figure 2-13: Different rate laws, weight gain plotted agéinst time [80] (p.36)

2.3.1.1 Parabolic rate equation

At high temperatures many metals and coatings (chapter 2.3.1) were found
to follow a parabolic time dependence. The parabolic rate equation is given by:

x? =kt Equation 2-1

where k,is the parabolic rate constant and t the time the reaction was

monitored. The variable x can be the weight gain or the oxide layer
thickness.

High-temperature parabolic oxidation is characteristic of processes where
thermal diffusion is rate determining. It can contain either a uniform diffusion of
one or both of the reactants through a growing compact scale (Wagner
mechanism) or a uniform diffusion of gas into metal.

However, without careful investigation the parabolic and logarithmic curves

can appear quite similar.
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2.3.1.2 Wagner’s Theory

Wagner’s theory explains the parabolic be‘haviour observed in oxidation
investigations. It applies to solid scales resulting from oxidation. It explains the
parabolic oxidation behaviour by considering the diffusion of anions, cations
and electrons as a rate controlling mechanism. Pores or cracks modify this
oxidation mechanism. The following assumptions are made when this model is
applied: The oxide scale shows only small deviations from stoichiometry and
the oxygen solubility in the metal can be neglected [84].

The diffusion occurs through the oxide layer. Thérmodynamic equilibrium is
established at these interfaces by the diffusion of charged particles (ions and
electrons) through the oxide layer. The driving force of the reaction is the free
energy change (by forming the metal-oxide) and, as a result, concentration
gradients are established through the scale. P- and N-type semiconductor
oxides diffuse in different ways, due to their defect structure [80]. The
established equation for this type of diffusion is parabolic in nature. After 50
years of research Wagner's assumption is still valid for understanding the
parabolic oxidation rate. Even so, there are numerous conditions for which his
assumptions do not apply, including: a) non-stoichiometric precipitants, b)
internal-oxide bands, c¢) dual oxidants and d) precipitate morphology [85].

2.3.1.3 Defect structures

For réactions involving the diffusion in oxides a knowledge of the defect
structures of the oxides is essential [80] (p.15). However, in practical oxidation
work, pores and cracks have to be considered as diffusion paths [80] (p.64),
[59]. If a lower electrical conductivity is achieved by e.g. alloying (doping), fewer
electrons and ions diffuse, hence the oxidation rate is lowered [80] (p.25). The
knowledge of the oxidation rate allows the prediction of the oxidation
mechanism to a certain degree.
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2.3.14 Tamman Temperature

Grain boundary or short circuit diffusion is an important mechanism below
the Tamman temperature. The Tamman temperature is ~% that of the melting
temperature of e.g. the oxide formed. For AlLO; and TiO, the Tamman
temperature are ~1367°C and ~1217°C, respectively, [86]. The importance of
grain boundary diffusion increases with decreasing temperature, because the
activation energy for grain boundary diffusion is lower than that for volume
diffusion. Additionally, small crystals will favour grain boundary diffusion. This

will enhance the reaction rate [81].

2.3.1.5 Arrhenius Plot

Having obtained evidence that the reaction is isokinetic at different
temperatures the Arrhenius equation can be used to establish the activation
energy E,. In this plot the logarithm of the rate is plotted against the inverse of
the absolute temperature. The use of the Arrhenius equation and the meaning
of the activation energy must be seriously considered when it is applied to solid

state reactions [87].
k = Ae”®'*" (Arrhenius equation) Equation 2-2
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Figure 2-14: Arrhenius plot with the parabolic rate constant K plotted as a
function of oxidation temperature Toy for various coatings [11].
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This should give a straight line for most reaction constants [88]. With variations
in the scale (parabolic or logarithmic) it can be shown that with a reaction
obeying the rate law chosen a straight line will be obtained in the plot. Such a
plot shows the temperature dependence of an oxidation reaction and,
furthermore, shows if the rate at which the reaction occurs changes (change in
slope of graph). From the slope the activation energy can be ‘extracted. The
activation energy, E,, is a measure of the complex transport mechanism during
oxidation. A change in E, indicates, therefore, a change in the oxidation
mechanism. For interpretation of the oxidation kinetics and mechanism the rate
measurements must be correlated to the composition and the microstructure of
the oxide layer formed. Figure 2-14 shows an Arrhenius plot featuring various
binary coatings, Al and Ti in comparison with Tig sAlg sN.

In the case of a oxide bi-layer growth, where the activation energies differ,
the rate constant for total oxidation cannot be expressed by an Arrhenius type
equation, the E, will change continuously as 