Sheffield
Hallam
University

Oxidation behaviour of TIAIN based nanolayered hard coatings.

LEMBKE, Mirkka Ingrid.

Available from the Sheffield Hallam University Research Archive (SHURA) at:

http://shura.shu.ac.uk/19951/

A Sheffield Hallam University thesis

This thesis is protected by copyright which belongs to the author.

The content must not be changed in any way or sold commercially in any format or medium
without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title, awarding
institution and date of the thesis must be given.

Please visit http://shura.shu.ac.uk/19951/ and http://shura.shu.ac.uk/information.html for
further details about copyright and re-use permissions.


http://shura.shu.ac.uk/information.html

/CA D STF T!
C §
- ol

oy,

uilY \l
| SHEFFCLD
101 6 820

Wi

REFERENCE

THE



ProQuest Number: 10697257

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10697257

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 — 1346



OXIDATION BEHAVIOUR OF
- TiAIN BASED NANOLAYERED HARD
COATINGS

Mirkka ingrid Lembke

A thesis submitted in partial fulfilment of the
requirements of Sheffield Hallam University for the
degree of Doctor of Philosophy.

October 2001






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



Chapter 1 - Introduction

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.

l l
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field comp .= zero) ~ Spot
/
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Magnet 51 i i J

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

15



Chapter 2 - Literature review

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 the relative importance of the two
layers changes with temperature [81] (p.128). This behaviour is seen for TiAIN,
which forms a bi-layer consisting of TiO; (rutile) and Al,O3 (corundum) [11].

2.3.2 Properties of the oxide scale

Heat treatment and oxidation causes problems like different thermal
expansion coefficient between oxide and substrate material. Volume expansion
frequently occurs in the growing oxide film. Stresses are created because of
different expansion coefficients between the scale and the substrate. This can
lead to the formation of pores and/ or cracks. Some oxide scales form through
outward diffusion of cations. This leaves vacancies behind, which will eventually
form voids in the oxide layer, thus altering the oxidation mechanism and rate
with the exposure time [81] (p.228). Voids below and in the oxide layer reduce
the adhesion to the substrate material.

2.3.2.1 Volatile oxides

A process that changes the rate of oxidation is the formation of volatile
species, as in the case of Cr-oxide, W-oxide and V-oxide (1023°C for Cr,0s3,
675°C for V,0s). At a specific temperature volatilisation of the oxide competes
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with the growth of the layer, leading at some stage to catastrophically fast
oxidation rates [81] (p. 247).

2.3.2.2 Cracks

Stresses generated due to different expansion coefficient between the oxide
scale and the substrate material are an important factor to determine the rate of
oxidation, e.g. Cr2O3 scale tends to buckle due to compressive stress build-up.
The diffusion of oxygen anions occurs along grain boundaries and generates
compressive stresses on the metal-scale interface [84] (p.83). Scale cracking is
another form of oxidation caused by stres‘ses at the scale-metal interface. There
cracks lead to accelerated linear oxidation [84] (p.89). Figure 2-15 shows
schematically, how cracking occurs on edges.

Oxide scale

'Figure 2-15: Schematic diagram showing longer diffusion distance for cations to
supply scale-gas interface when scale-metal separation occurs at edges and
corners [84].

Stresses in coatings and their oxide layer are also generated during cooling
down, due to the different thermal expansion coefficients (Table 2-2) of metals,
oxides and substrate materials. The magnitude of this stress at temperature T

can be expressed by the following equation:

E,

I-p,

Oy = (o, —og)T,-T) Equation 2-3 [89], [90]

where oy, is the thermal induced stress, £, and p, are, respectively, the

elastic modulus and Poisson’s ratio of the coating, o the thermal expansion
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coefficient of either the coating or the substrate and Ty the deposition
temperature.

It should be possible to calculate, from cracks in coatings (measuring their
width) after oxidation, how much stress there was inherent in the deposited film,
with the formula:

c,= l—E—z(sx +He,) Equation 2-4
-
where, additionally to previous described symbols, ¢ is the measured width

in x or y direction [84].

Generally the thermal expansion coefficient will be less for the oxide.than
the metal, which means, that during cooling, compressive stresses will form in
the oxide layer. Differences in the coefficient lead to spallation or cracking of the
oxide layer, if the adherence is weaker than the stress that has built up. The
same is true for stresses built up between coating and substrate during heat
treatment [89, 91-93]. Values in Table 2-2 can be used to estimate the stresses
that are generated upon heat treatment. '

Phase | Hardness/ | E modulgsl Thermal _%xp_.1 Densityl
HV kKN/mm coeff./10° K g/lcm

AIN 1230 350 5.7 3.26
Al,O3 2100 400 8.4 3.98
CrN 1100 400 (2.3) 6.12

Cr203 ' 7.3 5.23
TiN 2100 590 94 5.40
TiO, 1100 205 9.0 4.25
VN 1560 460 9.2 6.11
.WC 2350 720 3.8-3.9 15.72

TiAIN 2400 400 7.5

Steel (like SS or M2) has an expansion coefficient of ~11x10°K™".

Table 2-2: Data from ref. [9], Cr.O3 from ref. [84], (p.122), Crz03 Density from
ref. [94], TiAIN ref. [11], E-modul TiAIN from ref. [13]
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In coatings the situation is complicated, because (at least) three different
layers are involved during heat treatment, the substrate, the coating and the
oxide layer. The effect on the stress in the coating, due to cooling after
deposition and heat treatment was illustrated schematically by [92]. Additionally,
interactions between oxides and coating will occur. This means the adherence
of the oxide layer does not solely depend on the difference between thermal
expansion coefficient coating — oxide layer. The substrate — coating interactions
interfere with this, i.e. it depends on the total system of substrate, coating and

oxides.
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Figure 2-16: Effect of thermal mismatch stresses on microstructure of PVD

coatings where dfim < tsubstrate [92].
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2.4 Properties and Oxidation Investigation of Hard Coatings

2.4.1 Oxidation effects

Heat treatment of metals and hard coatings causes several mechanisms:
Firstly, overall oxidation of the coating surface. Secondly, diffusion is occurring.
Furthermore, defects or impurities in the material, coating can behave in a
different way to the overall material. All three aspects of oxidation have been
investigated in this thesis.

2.4.1.1 Coatings for dry high speed cutting

As the rotational speeds of cutting tools are increased, so are the demandé
for improvement in their mechanical properties and oxidation resistance. The
coatings applied to protect the cutting tools operate at elevated temperatures
because of the friction between the tool and the work-piece and the higher
forces used. The performance of the cutting tool depends not only on the
mechanical properties of the hard coating applied, but also on its oxidation
resistance. Additionally, for interrupted cutting operations the coating requires
good thermal shock resistance. Oxidation of hard coatings is one of the
important mechanisms leading to a decrease of the mechanical properties such
as hardness, fatigue strength and cutting performance [21], [22]. Coated cutting
tools perform 80% of all machining tasks in modern industry [4]. Therefore an
improvement of the oxidation resistance is important and effects due to
oxidation have to be studied at both the surface and the interface.
Investigations have shown that cutting performance can decrease considerably
due to a loss in interfacial adhesion [22]. The cutting temperatures that can be
expected at the cutting edge for cutting speeds of 50, 100, 150 and 200 m min-"
were calculated to be 680°C, 830°C, 950°C and 1050°C, respectively [95]. For
TiN coated tools a chip temperature of ~720°C at a cutting speed of 300m min™’
was measured [96]. Materials that are difficult to cut, such as hardened steel (>

60-65 HRC), create temperatures as high as 700-900°C using cutting speeds of
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300-400 m min™ [97]. Temperatures of ~880°C were generated at the cutting
edge of TIAICrYN coated 8mm ball nosed end mill after 5min operation when
machining AISI A2 steel (~60 HRC) at a cutting speed of 385 min~" [23]. The
high temperatures produced in dry high speed cutting demand good heat
protection between the hot chip and the tool. Without protection cemented
carbide tools oxidise rapidly at approximately 600°C [98]. It is important that the
protective coating provides a good heat isolation [4], [99]. The low thermal
conductivity of TiAIN, in comparison to TiN and TiCN, allows most of the heat of
the turning operation to be transferred i‘nto the chip [100], [4], [99].

The mismatch in thermal expansion coefficients between coating and
substrate should be low otherwise cracking of the coating can occur during heat
treatment [89], [93]. It is therefore important that not only the oxidation
resistance of the coating is high, but also that the difference in thermal
expansion of the coating and the substrate is small.

Superior mechanical properties and oxidation resistance of PVD hard
coatings can be achieved by engineering the structure as will be shown in this
PhD Thesis, by using metastable alloy nitrides (multicomponent coatings) such
as TiAIN and compositionally modulated films (e.g. nanolaminates, multilayers,
superlattices) Another possible method to improve oxidation behaviour is the
implantation of metal ions into hard coatings e.g. Al into TiC and TiN [83] or Y
into TiN [101].

For binary nitrides information about the oxidation behaviour is readily
available. Recently a review paper was published about the thermal stability of
thin nitride films containing tabulated values about the diffusion behaviour of '
light elements in a wide range of binary nitrides [27]. The binary nitrides are the
basis of the multilayer coatings under investigation. In the case of
multicomponent or multilayered films, direct comparison is rarely possible,
because of the uniqueness of the coating composition and structure. A
comparison of the oxidation resistance of coatings with a similar elemental
composition will be given. _

The oxidation resistance of hard coatings in this Thesis has been
investigated using TG [29], [102], [13], optical and electron microscopy, XRD
[26], [102], [21], EDX-analysis in the SEM [21] and TEM [11], [21], [27]. Other
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common methods used are GDOES [13], [103], XPS [102], [31], RBS [26], [104]
and electrical resistivity measurements [82].

242 AN

Thermogravimetric analysis showed that the oxidation of AIN powder starts
above 700°C in air. Two stages of oxidation were observed. The first is
characterised by a linear increase in weight with time and the formation of an
oxynitride, the second corresponds to the formation of a thick oxide layer of
Al,O3. The initial stage is controlled by surface reactions while the second stage
is controlled by diffusion [105]. Oxidation of sintered AIN between 900°C and
1100°C up to 3h showed a parabolic weight gain behaviour [108].

The influence of growth induced stresses on high frequency magnetron
sputtered AIN coatings deposited on different substrates and heat treated at
various temperatures was investigated. In coatings with compressive stresses

an increased resistance against microcracks and improved wear behaviour was
found [90, 93].

243 TiN

TiN is a widely used, golden coloured, PVD coating with a face centred
cubic structure (fcc) and known to oxidise rapidly above 550°C following a
parabolic rate law. The diffusion of O through the oxide is the rate-limiting
process (Figure 2-17) [107], [108], [26], [12]. »

TiN oxidises by the formation of a rutile TiO, layer when heat treated for
50min at 600°C, following a parabolic growth law [26], [28]. Above 700°C only
the rutile form of TiO, was observed [26]. The parabolic rate showed that the
diffusion of O through the oxide is the rate limiting process (Figure 2-17). A
high diffusion coefficient of Dy = 4.3 x 102 cm? s is responsible for the low
temperature oxidation of TiN.

Deviations from the parabolic rate were also observed: Measurements on

the oxidation behaviour of TiN between 625°C and 1075°C showed that the

activation energy has a parabolic plus a linear contribution above 900°C,
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attributed to a sifnultaneous diffusion and phase-border reaction in the oxide
layer [107]. The formation of an oxide scale with a layered structure above
850°C growing at a faster rate than predicted by a parabolic law was observed
by [108].

Oxide Layer Growth

.?- o
TiO Cr,0 A0, 4
"2 2% TiO, v
1
. + .
TiN CrN Cr TiAIN Al

Figure 2-17: Schematic of the different mechanism of oxide layer growth.

244 TiAIN

2.4.4.1 TG analysis and drilling tests of TiAIN

The development of TipsAlosN increased the maximum working temperature
to 700°C and the onset point of rapid oxidation to 850°C by the development of
a protective Al,O; layer [12]. In Figure 2-18 the TG behaviour of TiAIN together
with TIAICrN and TIiAICrYN is presented. These coatings will be discussed later.
This method is useful to changes in the overall oxidation behaviour of hard
coatingé.

In drilling operations TipsAlosN coating outperformed TiN by a factor of two
or more [12], [109]. In addition, improved wear behaviour was observed in dry
drilling tests, due to the superior high temperature properties of this coating
[12], [110]. This coating is the basis of the multilayer coatings under
investigation, being similar to the Tio.44Alp.s3Cro 03N coating used earlier [32].
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Figure 2-18: TG measurements on TiN, TiAIN, TiAICrN and TiAICrYN a)
continuous and b) isothermal [33], [32].

2.4.4.2 Structure of TiAIN _
A metastable B1-NaCl structure Figure 2-19 was observed for TiiAlN

compositions of x<0.52 using magnetron sputter deposition and a substrate
temperature of 500°C [111]. A slightly higher value of x<0.6 was reported by
[112] using arc deposition and by [113] using a calculated TiAIN value valid for
vapour deposition techniques in general. To achieve the formation of a
metastable TiAIN, the films have to be grown under kinetically limited
conditions, i.e. low substrate temperatures and/ or high deposition rates. The
coating structure, cubic (fcc) or hexagonal (hcp), is dependant on the deposition
parameters and the adatom mobility on the surface of the substrate material

[111]. Of course, changes also occur by altering the composition of TiAIN.
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Figure 2-19: Schematic of the TiAIN lattice, where Ti has been partially replaced
by Al.

A transition between the different phase fields of TiN and AIN for low-
temperature vapour deposition techniques is shown in Figure 2-20. If normal
conditions (non coating) are used, the solubility of TiN and AIN is extremely
limited, with less than 2 at% Al in TiN at 1000°C [27].
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Figure 2-20: PVD phase fields (schematic) for the TiN-AIN, ZrN-AIN and HfN-
AIN systems after [113].

34



Chapter 2 - Literature review

2.4.4.3 Effect of process parameters on TiAIN
The effect of process parameters (e.g. pressure, bias voltage) on the

mechanical performance and structure of magnetron sputtered TiosAlosN was
investigated by [36, 63, 111, 114]. An increase in bias voltage from U,=0V to
-150V results in the formation of a finer grain size, a denser film, a flatter
surface and an increase in the lattice pararheter. Adibi and co-workers [115]
showed that, with increasing the substrate temperature during sputter
deposition, the coating structure of TipsAlpsN was altered from a fcc structure to
a two-phase structure consisting out of a fcc and a hcp phase. The separation
was first noticed at Ts > 560°C.

2.4.4.4 Effect of altering the TiAIN composition
A study of the effect of alterations in the Al content on the performance of

TiAIN coated tools in dry drilling operations showed that best wear resistance
and highest hardness was achieved for TipsAlosN [116] and [117]. [95] found
the best results in drilling operations for a cutting speed of 100 and 150m min™
with an Al content between 25 and 50at%.

The lattice parameter varied between 0.418nm and 0.424nm depending on
the Al content using sputter deposition [111] and [118]. Lattice parameter of
0.428nm for TiN and 0.423nm for TigsAlosN were found for arc deposited
coatings [116].

By applying Vegard’s law, the lattice parameter of TiAIN can be changed by
varying the Al content. The Tip4sAlossN coatings grown at SHU using' sputter
deposition have a fcc structure with {111} preferred orientation with a lattice
parameter of 0.418nm [13].

The Al content changes not only the mechanical but also the oxidation
behaviour of Tii.AlN. This has shown by many researchers using various
deposition techniques.

Magnetron sputtered TisxAlKN onto high speed steel showed the same
trend. The oxidation resistance increased with increasing the Al content in the
coating [12]. The highest content examined was Tig 42Alp.5sN [119].
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The Al content was varied also in TiAIN arc evaporated coatings (Ts=400°C)
deposited onto Mo and Pt. The best oxidation resistance (lowest weight gain)
was found for the composition Tig4AlpsN [120]. A study on arc-deposited Tis.
«AlxN onto stainless steel (Ts » 330°C) showed that, with increasing Al content,
the oxidation fesistance and the activation energy increased. It was also stated
that after prolonged oxidation the activation energy of TipgAlg1N and TipeAly4N
became similar, due to grain boundary diffusion along rutile crystals [102].

A systematic study on Ti1.xAlxN deposited by PECVD (Ts = 530°C) onto high
speed steel showed, that with x<0.25, the formation of a protective Al,O3
(corundum) layer could not be identified by XRD, after heat treatment for 1h at
900°C [31]. It was observed using TG and a heating rate of 5°C/min that Tij.
xAlxN coatings with lower Al content i.e. x<0.25, the onset point of rapid
oxidation occurred at ~830°C whereas for those with higher Al contents
(x>0.25) the onset of rapid oxidation occurred at ~900°C. This investigation
showed also that the activation energy increased with increasing Al content.
With Al content x<0.25, the activation energy E, is similar to that of TiN. This is
connected to the formation of a protective Al,O3 scale, which was observed in
coatings with an Al content of about x = 0.25 [31].

These examples show that the Al content influences the oxidation behaviour
in terms of oxide layer growth and diffusion of substrate material to the coating
surface. Furthermore, comparing these results to the results of the drilling tests
(chapter 2.4.4.4) shows that good oxidation performance (x=0.25) and good
cutting performance (O.25<x<0.55 are related.

2445 Oxide layer formation for TiAIN
Tio.sAlo.sN oxidises with the formation of a bi-layer (Figure 2-21) consisting of

Al203 and TiO2, The inner layer (adjacent to the nitride) is Ti-rich and the outer
Al-rich. Segregation of the scale into two sub-layers was observed from the very
beginning of the oxidation process (1h at 500°C) on cathodic arc deposited
TiAIN [121].

The formation of an amorphous Al oxide layer at the beginning of the
oxidation process was reported by [12], [120], [119], [122]. Huang [119]
proposed that the formation of an amorphous Al oxide layer occurs when lower
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~ annealing temperatures are used. His heat treatment was carried out for 6h at
600°C.

The formation of a crystalline bi-layer was observed for sputtered films after
heat treatment at temperatures» between 750 and 900°C [11], [27] using TEM
and EDX analysis and for coatings deposited using PECVD after heat
treratment between 500°C and 800°C [31] and after heat treatment between
750°C and 950°C [122] using SEM and auger electron spectroscopy. XPS
studies by [121] have confirmed the results reported by Mcintyre [11]. In [11]
the oxide layer had a thickness of 200nm after heat treatment for 5h at 850°C

for sputtered TiAIN coatings deposited onto stainless steel (Ts=400°C).

Oxidized TiggAlgsN
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Figure 2-21: TiosAlosN oxidised for 5h at 800°C in O. The position of the Ir
markers indicate that Al and O are the mobile species. Al diffused through the
Ti-rich oxide layer to the atmosphere. O counter-diffused towards the TiAIN
[11], [27].

The oxide layer growth followed a parabolic law [11] and [102]. However, the
mechanism leading to a parabolic oxide layer growth was explained differently
for an arc deposited TiAIN coating to a sputter deposited one. The investigated
TIAIN coatings were sputter deposited at Ts = 400°C (TiosAlosN) [11] and arc
deposited at Ts = 330°C (TipsAlo4N) [102].
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For the sputter deposited coating the formation of an equal thick Al-rich and
Ti-rich oxide layers below 850°C was reported, indicating similar mobility of Al
and O. With increasing temperature the oxidation rate increased, due to
changes in the microstructure and a decrease in the active diffusion pathways,
due to an increase in crystal perfection of the oxides. At T > 850°C the
activation energy changes from 2.2 eV/K to 4.2 eV/K; the rate-limiting step at
this stage is O diffusion through the Al-rich oxide layer (Table2-3). The
activation energy is temperature dependent and increases with increasing
temperature. This is in accordance with an increased growth of the Ti-rich layer
compared to the Al-rich layer [11]. Similar observations regarding the oxidation
mechanism were reported by [122] who deposited Tip.ssAlo.12N onto silica using
PECDV and heat-treated the samples at lower temperatures between 500-
800°C.

In contrast to this on cathodic arc deposited TipsAlo4N (Ts=330°C) it was
found that the activation energy E, decreases with increasing temperature
(Table 2-3). Heat treatments were carried out between 700°C and 900°C. The
change in E; was explained by the following: The oxidation rate is first
controlled by oxygen diffusion. The Ti-ions oxidise to rutile TiO, and Al-ions
form an amorphous phase in the early stages therefore acting as a barrier for
further oxidation. As oxidation proceeds Al ions diffuse through the TiO, layer
to the oxide layer/ gas interface leading to the formation of Al,O3 at the surface.
Oxygen diffusion occurs through pores in the Al,O; layer [102]. However, the
rate law was also stated as being parabolic in nature.

In addition to the formation of an oxide bi-layer, the phase separation of the
metastable TiAIN into TiN and AIN was observed after heat treatment for 1.5h
at 900°C [11]. Another effect of heat treatment was the segregation of Al to the

boundaries in the Ti-rich oxide layer after annealing for 7min at 900°C [11].
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Ea TiN E. Tio.sAlgsN Reference

2.2 eV/Kiinitial | [11], sputter dep., 750-800°C
4.2 eV/K later | [11], sputter dep., 850-900°C
1.95 eV ~3.5eV [31], PECVD, 750-950°C

1.2 eV* 4.7 eV initial | [102], arc dep., 700-900°C
1.9 eVlater |[102], arc dep., 830-900°C
2.05eV [26]

Table 2-3: Activation energies E, for the oxidation of TiN and TiAIN coatings.
Some values have been converted from kJ/mol to eV by using 1eV = 96.485
kJ/mol [88]. X This value is very low. It is normally stated between 1.9 — 2.1 eV.

2.4.4.6 Crack formation in TiAIN
Additionally, to overall oxidation effects different oxidation behaviour was

observed in cracks and at pinholes.

Another effect of heat treatment was the appearance of cracks on sputter
de_posited TiosAlosN (Ts=400°C) on stainless steel using a bias voltage of Vs =
0, after heat treatment between 750-900°C. At higher bias voltage (Up = 150V)
no cracks were observed following annealing. In the cracks Fe and Ti diffused
to form oxides [11]. This shows that the thermal expansion coefficient of the
coating and the substrate material are important as well as the stresses induced
during the deposition process [11], [89]. Deposition at higher bias voltages
increases the stress in the coating. Examples for this behaviour are given by
[62] for TIiAIN, by [63] for TiN and a general overview by [64].

Independently of Fe oxides discovered in cracks connecting the coating
surface with the substrate material, Fe oxides were detected in the oxide layer
of magnetron sputtered, tensile stressed Tis.xAlN deposited onto AISI A2 tool
steel (Ts=400°C). The amount of Fe oxides decreased with increasing Al
content [119].
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[122] reported that cracking was observed at 700°C on Ti1.xAlxN deposited
onto a silicon wafer using PECVD (Ts=500°C). In a different study where TiAIN
is deposited onto high-speed steel using PECVD (Ts=530°C) Fe oxides were
observed in cracks and in the oxide layer due to the heat treatment at 900°C.
This led to the assumption that Fe diffused not only rapidly through cracks, but
also along the column boundaries at elevated temperatures [31].

245 CrN

The oxidation behaviour of CrN was investigated by [29], [30], [123]. CrN is
widely used in wear protection [124]. Various CrN-based coatings have been
investigated to improve the mechanical and the oxidation properties [29], [30].

Magnetron sputter deposited CrN onto high-speed steel formed a Cr;0s;
(eskolite) layer after oxidation for 1h at 650°C, as identified by XRD
measurements. The rate of oxide layer growth (Cr,O3) on CrN in comparison to
TiN is considerably decreased. This was shown by heat treatments carried out
for 4 hours in a furnace at 600°C. The oxide layer formed on CrN was 90nm
thick whereas in comparison that on TiN was 560nm thick [58]. An oxide scale
- of ~9nm was reported after oxidation for 2.5h at 700°C [123]. After oxidation at
800°C for 1h a 450nm thick scale was observed [29]. XRD measurements
showed, that in addition to the formation of a Cr,O; the oxide phase, a CroN
formed after heat treatments between 500°C and 800°C [125].

Cr diffused from the nitride to the coating surface and through the oxide to
form Cr,O; (Figure 2-18) [29]. The coating oxidises following a parabolic rate
law from 650 to 900°C [28]. The oxidation process of CrN is controlled by Cr
diffusion [29], [28], whereas in the case of TiN the oxidation rate was controlled
by O diffusion. The activation energy of CrN is 2.3eV [29] compared with ~2eV
for TiN (see Table ).
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2.4.5.1 Oxidation through pinholes
Penetration of Fe, probably through pinholes in a CrN coating sputter

deposited onto Ck 45 steel, was observed after heat treatment for 2.5h at
600°C [123]. At higher temperatures the number of Fe containing oxides islands
was observed to increase in both number and size and diffusion through
pinholes is probably no longer the dominating mechanism. The rate of diffusion
increases at elevated temperatures, because of the mismatch of the thermal
expénsion coefficients and the interface becomes permeable at local defects,
thus allowing the rapid ingress of Fe. The local islands are surrounded by a
continuous protective layer of Cr,03 [123].

2.4.6 CrAIN

Cri,AlN formed ~16nm, ~50nm and ~100nm thick oxide layers after heat
treatment for 30min at 500°C, 1h at 800°C and 1h at 900°C, respectively [30],
[29], [126]. The outermost oxide layer is Cr-rich followed by Cr/ Al oxides. Below
this, a Cr/ Al oxynitride was identified with the N and O concentration slowly
rising/ falling respectively to the bulk values [29], [30]. ‘

The oxidation mechanism for CrAIN is more complicated. The following was
observed after heat treatment for 1h at 900°C: A Cr-rich oxide layer of Cr and Al
is generated, with the Cr content of the oxide layer increasing at higher
temperatures and for longer exposure times; a typical multilayer structure is
eventually formed. The reason for this can be understood by considering the
transport properties and the thermodynamic stability of the oxides. The diffusion
rate of Cr towards the surface is higher than that of Al, but conversely AlL,Os is
the more stable oxide. The diffusion rate of Al in Cr-rich oxide is lower, leading
to a build up of Al beneath this layer. The Al-rich layer in turn hampers the out-
diffusion of Cr leading to a build up of Cr in a second layer and so on [29], [126].

AlO3 and Cr,O3 are isomorphous, with almost identical rhombohedral
structure [94]. Hence, the possibility is high to form a mixed oxide rather than
two separate phases. The oxidation process is, therefore, mainly controlled by
Cr diffusion [29]. The Cry,AlkN compositions were CrysAlisNgo for [29] and
CrsoAlsNgs for [30]. The composition in both cases were determined using
Auger electron spectroscopy.
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- 2.4.6.1 Effect of altering the CrAIN composition
The role of Al content in CrAIN was investigated on arc evaporated coatings.

It was shown that, with increasing Al content, the oxidation resistance
increased. The best results in mechanical and oxidation performance was .

achieved by a CrN/CrAIN multilayer structure (layer thicknes ~1000nm) [127].

2.4.7 TiCrN — TiN/CrN

Investigations on an arc deposited TiCrN showed a maximum hardness at
the composition Tig70Cro30N (two phases) [128]. A parabolic diffusion law was
found for the composition of sputter deposited (Ts=130°C) Tig70Cro30N. The
oxidation reaction rate was lower than for TiN or CrN coatings [82].

To improve the performance of TiN and CrN, further TiN/CrN multilayer
structures (multilayer period between 35-55nm) were investigated. Electrical
resistivity measurements on TiN/CrN coatings indicated that the multilayer
coating exhibited better oxidation resistance than either TiN or CrN. These
measurements also indicated that grain boundary diffusion is one of the
operating mechanism [82].

2.4.8 Tip.44Aly 53Cr0.03N

The onset point of rapid oxidation of TigsAlpsN was raised from 870°C to
920°C by the incorporation of 3at% Cr into the coating. The weight gain of was
substantially reduced from ~4.2 g m? for TigsAlosN to ~2.7 g m? for
Tio.44Alo.43Cro.03N as measured in isothermal TG experiments at 900°C [32]. The
microhardness of both coatings was HKoo2s 2400. The texture develops as
{111}, which is the mechanism for films where the strain energy dominates
during film growth [129]. The Tip44Alo.53Cro.03N coating exhibited a similar oxide
bi-layer formation as the previously described for Tigs0AlosoN. However, Cr
enrichment was observed before and _after the Ti-rich layer [33]. Heat treatment
for 1h at 950°C showed, that the interface integrity no longer persisted and that

the film (~3um) was almost entirely oxidised [33].
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24.9 TiAIN/CrN

It was shown that the oxidation resistance of both TiN and CrN increased
with the addition of Al. In addition, the mechanical performénce improved.
Investigation into the nanolayer system TiAIN/CrN was a further step to improve
the mechanical properties (see 2.2.2) as well as the oxidation resistance.
Multilayer combinations of TiAIN and CrN with a nanolayer period between
2.4nm and 4.7nm were deposited using the ABS technology [13], [21]. The
compositions of various TiAIN/CrN systems have been determined using
GDOES and quantitative EDX analysis [130].

A gradual incréase in Cr content altered the hardness, nanolayer periodicity
and the oxidation resistance of the coating (Figure 2-23) [130]. Figure 2-22
shows that the oxidation resistance increased systematically with increasing Cr
content [13], [21].

A multilayer structure was observed, when the applied power on the Cr
target was‘2kW resulting in an average composition of Tio,33A|o.44N/C['0_18N
[130]. The highest hardness was achieved for Tig22Alp26N/Crg 50N with a layer
periodicity of 3.6nm, which was achieved using a power of 8kW on the Cr target
[13], [21], [130]. The hardness decreased after heat treatments in air from
HKo.01 3400 to HKgo1 1500, for the 8kW coating, after annealing for 16h at
750°C [21].

“‘ ﬁ- ‘_.& p
8- pam— L8 ey =
45, -~ I e y
. . .’/ ) 1 ".,r""”j ‘ o 3000
40, Pl b - | ",
i /' Y a «"{’ ]
e P E LI R S ket
- } g ‘w7
gm. P o // 2000
28 ol i, 1. ..
1 5. ’ 1900
o o} 'm
B | JEM MM SEMY N N JEMEE T W S T R
fa] O o W {b) O Pever RV

Figure 2-22: Cr power (Cr content) versus hardness and periodicity of the
TiAIN/CrN nanolayers (superlattice period) [130].
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Low angle XRD measurements were performed on heat treated TiAIN/CrN
coatings deposited with a Cr target power of 8kW. Annealing in air for 4h at
650°C showed a similar peak height to that measured for the as-deposited film.
After annealing for 4h at 750°C the intensity of the low angle XRD peak
decreased, indicating some interdiffusion between the individual layers.
However, the existence of a thin oxide film on the coating surface would lead to
some attenuation of the X-ray beam [21].

Severe oxidation was observed after 5h at 1000°C usihg SEM. The
underlying oxide had a complex structure (Figure 2-23). ~Adjacent to the
remnant coating (C) a thin band of Al,O3 formed. Beyond this region the oxide
consisted predominantly of Cr,O3 which was bordered by a zone of Al,CrzxO3
becoming progressively depleted in Cr (A) towards the Al,Os/ AlLCro,O3
interface, thus the composition fluctuated from being Cr-rich to Al-rich. The
outermost oxide layer consisted mainly of TiO,, but also contained a dispersion
of Fe-rich oxides (traces of Cr and Ni were also detected in these phases). A
Cr-rich layer was formed in the remaining coating underneath the Al,Os-layer
[21].
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Figure 2-23: EDX line scan using a 6nm probe, on a TiAIN/CrN coating
deposited using 4kW power on the Cr target, after heat treatment for 5h at
1000°C [21].
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2410 TiYN

To investigate the oxidation behaviour, the microstructure and the
mechanical properties, Y was incorporated in concentrations from 1.1 at% to
7.6 at% in magnetron sputtered TiN [131].

2.4.10.1 Structure
The lattice parameter increased with increasing Y content from 0.4235 (TiN)

to 0.4287 (Tio.sYo0.16N), which can be attributed to the substitution of Ti by Y at
the Ti lattice sites in the TiN lattice. The deposited coatings also had an open
columnar structure. Grain refinement occurred with increasing Y content, which
was associated with the reduced surface adatom mobility and the numerous
nucleation sites caused by Y. The hardness increased with increasing Y content
from 7 GPa (TiN) to 23 GPa (TipsY0.16N) deposited onto steel [131]. Reactive
“ion plating was used to deposit Y at the TiN/ stainless steel interface. This
resulted in an increased corrosion and wear resistance of TiN [132]. A gettering
effect for surface oxides by a Y interlayer was shown by [133], which improved
the adhesion of the subsequently deposited TiN film.

2.4.10.2 Oxidation behaviour
The oxidation resistance of TiN was substantially improved by the addition

of Y. TiN coatings were fully oxidised and spalled off the substrate, whereas a
Tio.seY0.07N coating and coatings with higher Y content remained attached to the
substrate surface after heat treatment for 20min at 800°C [131]. Furthermore,
the oxide layer formed on the TiossYoo7N coating after the heat treatment
showed grain refinement when compared with the TiN coating.

Oxidised TiYN consisted of rutile TiO,, anatese TiO, or Y,Ti,O7, depending
on the Y content. XPS measurements were conducted on the surface Ar?
etched for 0.5min and 10min, respectively. It was assumed from the difference
in Y content that Y out-diffuses through intercolumnar open pores or grain
boundaries [131]. It was also speculated that the out-diffusion of Y contributed
to the decrease in the oxidation rate of the films. Vacancies, crucial for oxide
nucleation, may be trapped by Y atoms [131].
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Cracks were observed for TiYN coatings on Si substrate material, but not on
those deposited onto steel. This was attributed to the difference in thermal

expansion coefficient of the various substrates.

2.4.11 TiAIYN
The incorporation of Y into TigsAlpsN films improved the oxidation behaviour

[134]. Further comparisons between TipsAlosN and Tig4g5Alp495Y001N were
made: Fractured cross sections after annealing for 1h at 900°C in air showed a
fine crystalline oxide scale of ~40nm on TIAIYN and a coarse scale of ~195nm
on the TiAIN coating. TG measurements also indicated reduced oxidation of the
TIAIYN coating. A maximum working temperature of 800°C was suggested
[134].

2412 TiAICrYN

Tio.43Al0.52Cro.03Y0.02N is the state of the art development for tool protection in
dry high speed cutting operations of difficult to cut materials like AIS| A2 steel
(58 HRC). This coating was introduced into commercial production in 1998.
TIAICTYN has been compared with, and has outperformed TiCN and TiAIN by

| 1.6 and 3 times respectively [1]. This coating exhibits a fine-grained interrupted,

columnar growth structure and has a hardness of HKggs 2700. The lattice
parameter increased with the addition of Y from 0.4183 for Tig.44Alo.53Cro.03sN to
0.4223 for Tio.43Alo.52Cro.03Y0.02N. The immobile Y caused repeated nucleation
and, therefore, the texture develops as for thin films, orientated in <100>
direction, where the surface energy dominates the growth mechanism. [129].

With the addition of Y to Tip.44Alo53Cro.03N it was possible to raise the onset
point of rapid oxidation from 920°C to 950°C. Both coatings followed a parabolic
rate law [13]. On the Tip 43Alp52Cro.03Y0.02N coating the formation of an oxide bi-
layer of ~400nm was observed after heat treatment for 1h at 950°C. In
comparison the Tio44Alo53Cro03N coating formed an oxide layer of >3000nm
after the same treatment.
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The surface oxide layer of TIAICTYN exhibited a dense, partially crystalline
structure and a coarser (grain size = 100nm) polycrystalline underlayer. In
addition to the formation of an Al-rich and '{i-rich bi-layer, a Cr-rich band before
and after this zone was measured. The XTEM image, STEM-EDX and SNMS
showed no change in the interface between substrate and coating in
comparison to Tig.44Alp 53Cro.03N (see 2.4.8).

The reason for improved oxidation behaviour was seen in the refinemen{ in
the coating grain structure resulting in longer diffusion paths. More importantly,
Y. segregation was identified at the grain boundaries close to the oxide surface
after hea;t treatment for 1h at 950°C. This is thought to have inhibited the
diffusion of cation species towards the surface and oxygen penetration into the
film [33], [13].

2.4.12.1 Role of Y

Compositional changes in TiN, TiAIN and TIiAICrN with Y were made to
increase the oxidation resistance further. Y is known to belong to the oxygen-
active elements and is .incorporated into alloys to increase the oxidation
resistance. Typically one or two at% are sufficient to change the oxidation
properties in an alloy [135], [136]. This was shown for Y additions in MeCrAlY
alloys, where Y is used e.g. to increase the adherence of the Al,Oz or Cr,O3
based oxides, reduce the rate of scale growth and to decrease the grain size of
the oxides. Y is incdrporated as an alloying element, by oxide dispersion or by
ion implantation. The positive effect of a Y-rich interlayer between substrate and
TiN films was shown by [133], [132]. Beneficial effects of Y have also been
discussed in numerous papers e.g. [135-141]. However, the role of Y in
improving the oxidation resistance, is still not clearly understood. Improvement
in e.g. the scale adherence can also be achieved by oxygen-active metals like
Hf, rare earth elements, the incorporation of an oxide dispersion like ThOa, or
an addition of noble metals to the alloys [84], (p.122).
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2.4.12.2 Oxynitride Overcoat

Investigations in the wear behaviour of TiN coated stainless steel at
elevated temperatures identified the development of oxide ’glaze’ which
ensured that low friction and wear were maintained for extended periods. Oxide
formation during sliding-wear conditions was beneficial to protect the surface
[142]. [143] showed that the deposition of amorphous oxides can increase the
wear resistance of hard coatings, because no grain boundaries interrupt the
homogeneity of the material. The problem with pure oxides is that they are very
brittle. Additionally, at elevated temperature crystallisation occurs. Addition of N
improved the thermal stability of Al,O3. The effect of a pre-deposited oxide layer
on Tip4sAlosaN was found to be beneficial in TG investigation as well as in
cutting operations [144], [22].

On this basis an oxynitride topcoat was applied to the TIAICrYN coating
discussed in the previous section (2.4.12). The oxynitride coating was
deposited at the end of the coating process, by changing the reactive
atmosphere from nitrogen to dry air. Pin-on-Disc tests performed on this coating
showed the improved performance in terms of wear behaviour of this topcoat
(Figure 2-24) [145].

TIAICrYN+Ox

2500
t Overcoat TIAICTYN /
£,2000
= /
& 1500
8 /
§ 1000
= //

500 w__‘/o._-f
0 T T T T 1

0 10 20 30 40 50
Turns x 1000

Figure 2-25: Pin-on-Disc test results from TiAICrYN with topcoat (TiAICrYN+Ox)
[145].
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2.5 Summary

It was shown that the addition of Cr, Al and Y to TiN improves the oxidation
behaviour. The mechanism of the oxide layer formation of more complicated
coatings like TiAIN is still not fully understood. It is for example uncertain under
what conditions the amorphous oxide layer forms. The existence of an
amorphous layer is thought to be beneficial for wear applications. The oxidation
kinetics so far established for hard coatings obey a parabolic rate law, which is
associated with a diffusion mechanism. Unfortunately, often a detailed
description of the structure of the oxide layer formed is missing. However,
knowledge of the structure is of major importance in understanding the kinetics
involved in oxide layer formation. Some researchers reported that after
prolonged heat treatment the formation of a porous oxide layer and a deviation
of the parabolic law occurs. This behaviour is in agreement with oxidation
behaviour investigated on metals. Metals tend to change the oxidation rate with
increasing temperature. The influence of the coating composition and properties
is of importance in order to protect the substrate material. In some cases local
diffusion of substrate elements through the coating was observed. This thesis
presents a more detailed analysis of TIAIN base hard coatings using TG in
conjunction with XRD, SEM, TEM and STEM with EDX analysis. Using these
techniques the structural and compositional changes occurring during heat
treatment will be investigated. With this knowledge it should be possible to
improve existing hard coatings further and to develop a new generation of
coatings for the specialised application “dry high speed cutting”.

49



Lnapier o — experimentai

3 EXPERIMENTAL

The advantage of each technique used is given in form of a short overview.
All of the methods used are already established in hard coating research.
Additionally, the parameters of the coating deposition process are given
together with the composition of the coatings produced.

3.1 Sample preparation prior coating deposition

Austenitic stainless steel AISI 304 (DIN No. 1.4307 or X 5 Cr Ni 18 10) was
chosen as substrate material for most of the work. The non-magnetic behaviour
made it ideal for TEM microscopy. Other substrate materials used were high-
speed steel (AISI M2 or DIN 1.3343) and cemented carbide (Sandvik, WC and
10% Co binder, H 10 F, 1ISO K20-30).

For the TG measurements mirror polished stainless steel SS 304 was used
with a sheet thickness of 0.8mm cut to a size of 60x15mm. A hole of 1.5 mm in
diameter was drilled in the sample, so that it could be supported in the TG (3.4)
by a hook. The samples were coated from both sides. During the coating
process the TG samples were fixed to a rod, which prevented them from
spinning. Additional rotation will alter the multilayer bi-layer thickness of the
samples [77]. After the coating process the sample was shortened to 50x15mm
(Figure 3-1). The area below the red line (arrow) was removed.

Specimen

area below line
was removed
___.F_‘_'L__ before TG

- measurements

Rod

Figure 3-1: Fixing method used to coat the TG samples.
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Apart from the TG substrates, all samples (high-speed steel-, cemented
carbide-, stainless steel coupons and stainless steel sheet material) were
ground and polished manually to a roughness of ~R; = 0.01 um. Prior to
coating, all samples were cleaned and dried in an automated cleaning line that
consisted of a series of heated ultrasonic baths including ionic and non-ionic
surfactants for cleaning. De-ionised water and a vacuum dryer are used in the
final stages. The substrates were then screwed onto stainless steel sample
holders. All samples, especially the AISI M2 coupons, were introduced as
quickly as possible into the coating machine, to minimise the risk of oxidation

and dirt accumulation.

3.2 Deposition conditions used

The samples used in all analyses were coated in a Hauzer Techno Coating
1000-4 ABS unit (machine A) at Sheffield Hallam University. Except for
TIAICTYN-Ox, which was produced in a HTC 1000/5 MK Il ABS coating unit
(machine B). This machine belongs to the Bodycote-SHU company and is used
for commercial deposition of coatings (fully loaded machine). The differences
between the two machines are minor, e.g. the size of the targets and the shutter
mechanism.

Both coating machines have a stainless steel vacuum chamber measuring
1m diagonally from cathode to cathode. The cathodes in machihe A are 600 x
190mm and in machine B 800 x 160mm in size. In Table 3-1 the target material
and the fabrication process are listed. Each cathode can be run either in
unbalanced magnetron deposition mode or the steered cathodic arc technique.
The latter was used for the Cr target. They were used in the cathodic metal ion
etch, as well as in the subs.equent sputter deposition process. The deposition
processes were performed in the following sequences [7]:

e Pump down to base pressure and heating up of the coating chamber

e« Target cleaning ’

e Cathodic arc metal ion etch

« Reactive sputter deposition of base layer and coating

e Cooling down of the chamber
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Figure 3-2: Target and Magnetic field arrangement in the ABS machine with
location of the position of the substrates.

The substrates are mounted onto a turntable allowing to turn them in one,
two or three fold rotation (Figure 3-2). All substrates were positioned at a
medium héight towards the cathodes and were rotated three fold. The chamber
was, in the case of machine A, only approximately 10% filled with samples.
Machine B is used for commercial production. Hence, the chamber was filled to
full capacity. Both machines are heated using heater arrays positioned in the
door and under the turntable. The cathodes are water cooled. The temperature

during deposition was 450+10°C for all deposition processes.
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Target Material Fabrication
Cr Hot isostatically pressed
Ti:Al/ 50:50 Vacuum cast
Ti:Al:Y/ 48:48:4 | Powder metallurgically prepared and forged

Table 3-1: OvervieW on targets used

In the case of the Y-containing coatings, two TiAlY cathodes were opposing
each other. Additionally, one Cr and one TiAl target was used. TiAIN/CrN or
TiAICTN were deposited using one Cr and three TiAl targets.

3.2.1 Detailed process steps

The process starts with the sputter cleaning of the targets, when a pressure
of ~2 x 10° mbar and a temperature of 400°C are reached. This step is
important to remove any impurities that were formed and deposited during a
previous process or the opening of the chamber doors. The CA Cr metal ion
etch follows immediately after the target cleaning step. This step is used to
clean the substrate and to implant metal ions to provide a sufficiently‘/ high
adhesion for the sputter deposited film [37]. After this step all four cathodes are
used in UBM mode. A TiAICIN base layer was deposited prior to the main
coating to grade the stresses between substrate and coating. The process
parameters used for TIAICTN and TiAIN/CrN were previously described in [13,
21, 130]. Deposition parameters for the TIAICrYN coating were previously
reported in [13, 33]. The deposition parameters of TIAICrYN+Ox (with oxynitride
overcoat) and TiAIN/CrN are mentioned in Table 3-2. All Y containing coatings

were produced in machine B.

e
J
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Deposition TiAINCIN TIiAICrYN
Step TiAIN/CrN TiAICTYN+Ox
Machine A Machine B
Non Rotation Speed 8rpm Rotation speed 7.5rpm
changing 1and 2 =TiAl, 3and 4 = Cr 1=TiAl, 2=TiIAICrY, 3=TiAl and 4=Cr
values
Pump Down, Until 1x10°mbar and 400°C was Until 2.5 x 10°mbar and 400°C
reached reached
Target For 2min 1kW and 5min 5kW on all 5kW on all targets, t=15min,
Cleaning targets, Ar:200scem, p=2.4x10°mbar, Ar:200sccm, p=2.4x10°mbar,
T=400°C T=450°C”*
CA Me ion Ubias=-1200V, Cr:100A, t=20min, Ubias=-1200V, Cr:100A, t=12min,
etch Ar:41sccm, p=6.7x1 0*mbar, T=450°C | Ar:44sccm, p=7x1 0*mbar, T=450°C
UBM base Cr:0.5kW, 3xTiAl:8kW, Icoil=6A, Cr:0.7kW, 2xTiAl:10.7kW,
layer dep. Ubias=-75V, t=30min, Ar:200sccm, | TiAIY:0.5kW, Icoil=7.5A Ubias=-75V,
N,:120sccm, p=3.5x10'3mbar, t=45min, Ar:200sccm, N,:175sccm,
T=450°C 3.4x10°mbar, T=450°C
UBM coating Cr: YKW, 3xTiAl:BkW, Icoil=6A, Cr:0.7kW, 2xTiAl:10.7kW,
dep. Ubias=-75V, t=3h30min, Ar:200sccm, |  TiAIY:10.7kW, Icoil=7.5A Ubias=
N,: Zsccm, p=3.5x10’3mbar, T=450°C -75V, t=4h, Ar:200sccm,
| N,:215scem, p=3.5x10mbar,
. T=450°C
Overcoat e See detailed description

Table 3-2: Overview of the process parameters used

The gas flow values were averaged over the entire process-step time and are

subjected to fluctuations.

*No target cleaning and shutters were used in the case of TiAICrYN. This

coating was part of a different trial series and was later used in the oxidatioh

studies, because of the composition.

TiAIN/CrN: Y This parameter was changed for various processes to change the

multi-layer..lhickness between 0.5 and 12kW. Z This parameter varied between

120 and 190sccm depend upon the power chosen. The power at the Cr target

was stepwise increased. Arcing did occur at 10 and 12kW on the Cr target for a

very short moment.
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3.2.2 Overcoat

Special attention has been paid to the deposition of the overcoat. To
achieve a sufficiently strong mechanical support for the glassy and extremely
smooth oxynitride overcoat, a thin particularly hard nanolayered coating was
grown. By increasing the power on the Cr target stepwise from 0.7 kW to
10.7kW an inter-layer, with TIAIYN and CrN nanolayers, was produced [145].
These conditions were held for 10min, then the Cr target power was gradually
decreased to 1kW. In parallel the nitrogen gas flow was progressively reduced
and gradually replaced by medical dry air. In this way a Cr and oxygen
containing TiAl-oxide surface was obtained (Figure 3-4).

Change of Process Parameters in the
Overcoat Region
=& Cr target -==TiAl(Y) target
b\ V4 =@ Air
12 * 300
510 l/:-—7"\ b 1‘\ = 250 g
[ N
$ 8 / &—9 200 3
o o
26 / \ N\ 150 &
84 / \ \ 100
2 / 50
0 &—e- / \. - JI 0
0 10 20 30
time [min]

Figure 3-4: Detailed schematic of the process parameters used to deposit the
multilayer structured oxynitride overcoat region. TiAl(Y) indicates the two TiAl
and one TiAlY target used.
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3.2.3 Princigl‘e structure of the coatings

Schematics (Figure 3-3) of the coatings were made to clarify the terms used
to describe various regions of the coating. Between substrate and coating is the
interface region (red) created by the cathodic arc metal ion etch [37]. The base
layer is deposited between the main coating and the substrate to grade the
stresses introduced during coating deposition. As can be seen from the
deposition conditions, all coatings were deposited with a TiAIN type base layer.
The base layer was deposited utilising mainly the TiAl targets. All other targets
~ were protected from contamination by using a low power, high enough to
prevent contamination by other targets. Therefore, the base layer contains, next
to TiAIN, traces of other elements like Cr and Y. Figure 3-3 a) shows the
Tio.a4Alo54Cro 2N coating. This coating was used as base layer in the case of all
TiAIN/CrN type multilayer coatings (Figure 3-3 b). In case of TiAICrYN a very
small percentage (<<1at%) of Y is in the base layer. Figure 3-3 c) shows the
overcoat or topcoat region of the TiIAICrYN+Ox coating. The 'deposition of the
overcoat is explained in detail below.

¢) TIAICTYN+Ox

a) b) —_—
Overcoat &=

TIiAICTYN or

TIAICTN TiAIN/CrN TiAICTYN
AICTN- TIAICIN- Base L

Interface TiAICTN- Base Layer i r__'_f__sf_iyer
Substrate Substrate Substrate

Figure 3-3: Schematic of the coatings under invéstigation: a) TiAICrN b) original
TiAICrYN and TIAIN/CrN c¢) TiAICrYN with overcoat as produced in the
commercial production machine
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3.2.4 Composition of the as-deposited coatings

The coating composition of the as-deposited samples was measured using
the Rutherford backscattering method with 2MeV He* ions at an incident angle
of 22.5° relative to the sample surface normal and detector set at a 150°
scattering angle. The total accumulated ion dose was 100uC. The spectrum

was analysed using the RUMP simulation program [146].

The RBS equipment used was located at the University of Urbana
Champaign in lllinois, USA and both the measurements and analysis were
performed by Mr. Chan-Soo Chin. An example of the data collected from the

backscattering measurement is shown in Figure 3-5.

The amount of Cr and Ti were difficult to analyse, because they have similar
backscattering values. The results gained from these measurements were
compared to previously published ones (grey) and quantitative EDX analysis
(Table 3-3). The values tabulated in the table are normalised to a 100at%
including N. A detailed description of the technique can be found in [147]. A
short summary of it is given below:

RBS is a non-destructive technique using a beam of high-energy low-mass
ions to bombard the sample. The backscattered atoms are energy énalysed
using a detector. The energy E; of a projectile with mass m; that has been

elastically scattered from a surface target atom of mass m. is given by

Ei=KE, Equation 3-1:
> 1/2
g cos® +[(ml cos@} L m —mi Equation 3-2:
m, +m, m, +m, my +m,

A

Epis thé incident energy of the accelerated ion, and @is the scattering angle
between the incident beam and the detector. Thus a measurement of Ej
specifies the target atom. Incident ions not scattered by surface atoms will

penetrate the target and lose energy by inelastic ionisation and excitation
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process before finally experiencing an elastic nuclear backscattering event. The
particle will then lose further energy during its transition back to the surface.
The rate of energy loss by inelastic processes is given by the stopping power,

o), which is tabulated for most materials. Standards are generally not required.

Samples consisting of multiple elements or of low-Z-element coatings on
high-Z-element substrates provide difficulties for RBS analysis due to
overlapping profiles. Some prior knowledge of the sample composition is often
necessary. In favourable cases RBS can provide a detection limit of
approximately 0.1at% and a depth resolution of 20nm. The lateral resolution is
poor, typically about 2mm [148].

RBS Spectrum

5000
4000 -
N
- 3000
© Al
: > 2000 |—|—- \ Ti
1000 -
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E Channel

Figure 3-5: Example of backscattered data
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Elements (in at%)

Coating: Ti Al Cr

TiAICrN 0.5kW 22 27 1 --- 50
TIiAICrN 0.5kW 22 26.5 1.5 --- 50
TIiAIN/CrN 1kW 22 26 3 --- 49
TIiAIN/CrN 2kW 19 22 9 --- 50
TiAIN/CrN 4kW 17 18 15 --- 50
TiAIN/CrN 4kW 16 18 16 --- 50
TiAIN/CrN 8kW 13 13 24 --- 50
TIiAIN/CrN 8kW 11 13 26 --- 49
TIiAIN/CrN 10kW ---
TIiAIN/CrN 10kW 10 11 29 --- 48
TIiAIN/CrN 12kW | 10 10 32 --- 48
TIiAIN/CrN 12kW 9 11 30 --- 50
TIiAICrYN 24 24 1.5 0.7 50
TIAICrYN 21.5 26 15 1 50
TIiAICrYN + Ox V7 31 1.3 0.6 50
EDX analysis 15 32 2 0.6
SNMS 20 30 1.4 -m.- 50

3.3 Mechanical properties
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Table 3-3: Composition of the coatings used in the investigations. Values from
the literature are blue. For TIAICrN and TiAIN/CrN reference [130] and for
TIAICrYN reference [33] was used.

The coatings were characterised after each coating process using Rockwell
C indentation [149], scratch test with a Rockwell Diamond and a tip with 200u
[150], calo-test [151] and Knoop hardness measurement with 25g load [152].
This was necessary to ensure the coatings exhibited the expected mechanical
properties in terms of adhesion, hardness and thickness [33, 21, 13]. All
samples were found to exhibit parameters consistent with the earlier studies
(Table 4).
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Coating Hardness HK | Rockwell C | Scratch Test | Thickness
TIAICrN 2400 H1-2 55N 3 um
TIAICrYN 2700 H1-2 40N 2.3 um
TIiAIN/CrN 3400 H1-2 55N 4 um

Table 3-4: Measured mechanical properties on the coatings used. The standard
deviation for the hardness is HK + 400, for the scratch test +10N and for the

coating thickness evaluated using the calo test +0.2um.

3.4 Thermogravimetry (TG)

A Cahn TG 131 microbalance was used for the thermogravimetry work. The
specifications for this microbalance are a temperature drift stability of 10 ug/°C,
temperature repeatability of £3°C and a mass sensitivity of 1 pug. The TG
allowed comparison of the onset point of oxidation and the different weight gain
in air of the coatings under investigation. All coatings were deposited onto
stainless steel 304. The SS 304 sheet was covered from all sides with coating
material during the process, including the hole drilled for fixing the sample in the
TG. A stainless steel edge was exposed to the heat treatment in the TG, due to
the way the samples were fixed in the coating machine and treated afterwards
(see Figure 3-1). The samples were heated using continuous and isothermal

programs.

1000 Temperature Profiles/-J
3800 T isothermal programme —

o /

5600
©

8400 dynamic programme

g 200
g

O 1 I 1 1 T I
0 100 200 300 = 400 500 600
time [min]

Figure 3-6: Temperature profiles of the TG programmes used

60



Chapter 3 - Experimental

In the dynamic (continuous) measurements the samples were heated at a
rate of 50°C min™ to 400°C and then at 1°C min™ until 1000°C was reached
(see Figure 3-6). The total duration of the continuous measurement was 10.5h.
The samples were more than 5h at temperatures above 600°C. In isothermal
measurements, a heating rate of 50°C min”" up to -50°C below the final
temperature was chosen. Ramping typically required ~30min to reach the up to
-50°C of the final temperature. This rapid heating ensures that the oxidation
occurs mainly at the chosen temperature and not during ramping. Thereafter a
rate of 15°C min™ was chosen to reach the final temperature. The lower ramp
rate was used to keep the temperature from rising more than +2°C above the
final temperature. The final temperature was held for 10h. The gas flow rate in
the furnace of the TG was 12.6 ml min™.

3.5 Scanning electron microscopy (SEM)

A Philips XL 40 SEM was used to investigate the effects of oxidation at the
sample surface. The various responses created by impinging electrons on the
sample are shown in Figure 3-7. Emitted secondary and backscattered
electrons are used to create an image of the sample surface. The image gained
from the secondary electron detector gives an impression about the topography
of the sample. Backscattered electron images show differences in elemental

composition.

In some oxidised specimens the surface charged heavily. In this case a

carbon coat was applied.
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depth limits
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> Auger electrons (10 A)
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generation (E = 0)

Figure 3-7: View of the X-ray excitation volume created [153].

For EDX analysis a detector with an ultra thin window was used at 10kV
accelerating voltage. In this case continuum and characteristic X-rays contribute
to the signal detected. The probability of exciting X-rays depends on the energy
of the electron beam, the excitation volume or cross section .and the
composition of the target. The emission of X-rays for low Z elements (e.g. N, O,
C) has a low probability in a SEM. Furthermore, the detection of low Z elements
is often not possible; because of the type of detector chosen. The detector can
‘adsorb the few incoming X-rays of the low Z elements. Hence, they are outside
the detection limit. Additionally, X-rays stemming from L-lines (Ti, Cr) contribute
to the low energy region. The energy separation is 133eV at FWHM measured -
on Mn. The excitation volume in bulk samples is the reason why the resolution
in the SEM is ~1pm, even though the imaging resolution is ~5nm for a tungsten
filament. There are many books covering the subject on electron microscopy
and EDX analysis, see for example [154, 155, 156]. ‘
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3.6 Transmission electron microscopy (TEM)

The TEM was used to view microstructural features of the coating and
composition before and after heat treatment using cross sections. The
microstructural features of interest are differences in.e.g. grain size, micro-voids
and cracks. Due to its high resolution (<0.5nm), TEM provides the ideal tool to
view such extremely small features. In a TEM or STEM it is possible to obtain
information concerning the grain size and morphology, the density of extended
defects, the lattice constant, the degree of preferred orientation and the film
composition — all of the same region of the film with a lateral dimension of the
order of 5 nm.

The use of cross sectional TEM (XTEM) provides the opportunity to obtain
depth dependant information in order to, e.g., investigate the evolution of film
microstructure and composition between the film/ substrate interface and the
coating surface.

The XTEM samples have been prepared by cutting 1x3x1mm pieces from a
coated sheet or coupon. Several steps of grinding and polishing of both sides of
the specimen were necessary until a thickness of 50-60um was reached. The
specimens were glued onto a glass slide using ‘crystal bond’. During the
grinding and polishing step two specimens face each other, and thus benefit
from additional protection of the coating surface. The relatively thick samples
(60um), allowed the preparation of XTEM specimens by this simple method. It
was shown that the support the larger coating area offers is sufficient to
preserve oxides on the coating surface throughout the grinding and polishing
step. For as-deposited samples the same method was used but the samples
were reduced to a thickness of ~20-30pm during the grinding and polishing
step. The polished metal foils were mounted with super glue onto a copper grid
and ion beam thinned until electronically transparent (Figure 3-8). The coating
was facing the middle of the copper grid. Incident angles of 10 degree and an
accelerating voltage of 5keV were chosen on the ion beam miller (Gatan PIPS
691 system) until a sample thickness of ~10pum was reached. In the final step of

the ion milling process, the chosen incident angles were 8 and -5 degree, using
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SkeV to accelerate the Ar-ions. The low angle and voltage should protect the

specimen from ion beam damage. The foils had a thickness of ~70+20nm at the

/ 8and 5

/7, //// degree
AN

incident angle

electron transparent region.

“\

Figure 3-8: Position of the sample during the ion beam milling process.

A Philips CM 20 TEM was used for all recorded bright field, dark field and
diffraction patterns. Bright and dark field imaging describes techniques to
enhance contrast created by the electron beam. The contrast mechanism that
arises in a TEM from both elastically and in-elastically scattered electrons and
how they are used to provide information are summarised in many texts, e.g.
[154, 156]. In the case of BF imaging the central transmitted beam is used to
form the information. In contrast, in the DF image technique the diffracted beam

can be utilised to study grain orientation.

Diffraction information can be obtained by inserting an aperture below the
objective lens in the column. This method is termed selected area diffraction.
Selected area diffraction, using an aperture of about 500nm in size, from the
middle of XTEM samples was used to observe the structure before and after
heat treatment. Annular dark field images with an angle of 30mrad were taken
from the oxidevlayer to show if void formation — lack of mass contrast occurred.
This is a region beyond the {420} ring formed on a diffraction pattern (DP). In
this region the influence of diffraction contrast created should be minimal [157].

The majority of the X-ray analysis (EDX) work was performed on a VG HB
501 STEM with a FEG. A windowless EDX detector and a very low pressure of
10" mbar, was employed for such analysis. EDX analysis in the TEM has the
advantage that the excitation volume is approximately the size of the incident

electron beam in the lateral dimension (Figure 3-7). Spatial resolution achieved
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in the VG HB501 was estimated to be ~3nm. Elemental mapping was used to
demonstrated local changes in composition. The maps created were transferred
into a tif file forhat using the AN 10000 conversion software and Adobe
PhotoShop graphic program.

EDX point analysis profiles of XTEM samples were recorded perpendicular
to the coating surface. Point of interests were the stability of the substrate/
coating interface, the composition of the coating surface and oxide layer. All
measurements were taken inside a column; boundaries were avoided. A typical

absolute error (sensitivity) was calculated using:
A x ¢ =typical absolut error in at% Equation 3-3:
a

Where f is the fraction error, a the counts under the peak and c the

concentration in at%.

Al Ti Cr Fe Y
Steel 0.6 0.4 0.3 04 | 0.1
Coating 0.6 0.4 0.2 0.2 | 02

Table 3-5: Typical absolute errors for STEM EDX measurement

The calculated error is effected by the total number of counts and the
sample thickness.

Differences occurring in the N or O counts were plotted by using the ratio of
the N or O peak counts divided by the sum of all counts. This allowed the
concentration to be plotted because changes in the number of counts caused

by a different background were avoided.

Elemental maps taken from XTEM samples have to be carefully interpreted.
The intensﬁ;/ of .a map changes with the total number of counts collected for a
corresponding selected energy range. The number of counts varies not only
with concentration but also with the sample thickness. Sample thickness effects

can be recognised if the same change in intensity appears in various elemental
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maps taken at the same area of the TEM sample. A rise in sample thickness
also leads to a rise in the background counts in all elemental windows. In the
case of the Y maps the intensity of the map is quite low, due to the low
concentration of Y in the sample. The intensity of the map, therefore, can be
strongly effected by a change of background counts. Also important in the case
of N and O maps is that, although a narrow keV range was used for collection
this was still partially overlapped by the Ti_ line (in the case of N) and the Cr_
line (in the case of O). This means that N and O maps have to be compared
carefully with the Ti and Cr map in order to confirm the integrity of intensity
variations in the maps. '

3.7 X-ray diffraction (XRD)

The X-ray analysis was performed with a Philips PW 1830 goniometer using
CuKo radiation produced with a current of 40A and a voltage of 40keV in

Bragg-Brentano and thin film (glancing angle) geometry.

X-ray diffraction is a widely used technique in coating analysis. Its non-
destructive nature is suitable for microstructural and phase studies, lattice
parameter and stress analysis. Information about the crystal orientation, texture,
stress and to, some extent, composition of the film can be obtained. Detailed
information about X-ray diffraction techniques is described in [158].

In coating analysis the diffraction peaks observed are often quite broad
since the films typically have small grain sizes and high defect concentrations.
The precision of lattice constant determination is generally not better than
~0.001nm. This accuracy is sufficient for general phase identification. Higher
precision is, however, required for compositional determinations, distinguishing
between phases with similar lattice constants, and performing stress/strain
analyses based upon peak positions [148]. The lattice parameter for the same
coating can,vary over a wide range due to the superimposition of stress (see for
example TiAIN Literature review) depending on the process parameters used.
Intrinsic stresses are caused by defects in the films. Shifts in XRD peaks have
been used for investigating macrostress (i.e., uniformly distributed stress, see
Figure 3-9) [159, 160].

66



Chapter 3 - Experimental

CRYSTAL LATTICE  DIFFRACTION
LINE
widdofe i
. —| -

[LITIT]

NO STRAIN
(a) ‘,

UNIFORM STRAIN
th)

NONUNIFORM STRALIN
()

Figure 3-9: Schematic illustration of lattice strain on the width and position of
diffraction peaks [158].

In the Bragg-Brentano arrangement the specimen is maintained at an angle
0 and the counter at an angle 20 respectively to the x-ray beam to satisfy the
Bragg conditions (Equation 3-4).

nA=2dsin6  Bragg equation Equation 3-4:

The wavelength is A, d is the interplanar spacing and 6 the measured angle
(see Figure 3-10). Thus, the only planes to diffract are those parallel with the
surface, hence it is known as symmetrical diffraction. In thin coatings the X-ray

intensity from the deposit is low because the irradiated volume is small.

Low angle X-ray diffraction (2-8° 20) was used to determine the multilayer
period. The position of the low angle péaks were measured and the multilayer
period calculated using the Bragg equation, where d is redefined as the

multilayer spacing.
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In the glancing angle technique the angle of incidence to the sample
remains fixed at a low angle e.g. 0.5-5 degree (i.e. the specimen does not
move) and the counter is driven. In this technique the diffracting planes are at
an angle 0 - a to the specimen surface. The advantage of glancing-angle
parallel beam XRD is that because of the low incidence angles the path length
in thin coatings is dramatically increased, resulting in ah increased signal from
the coating relative to the substrate. An incident angle of 0.5° provided a good
peak separation in the oxidised sample, which is necessary to be able to
identify the peaks. The phases present were identified by comparing the peak
position with powder diffraction data [94]. ‘

Diffracted X-ray
Incident X-ray ) Beam
eam /

26

Coating

Substrate

a)
Counter
Fixed Diffracted
Angle of X-rays
) - Incidence
Incident Alpha
X-rays\'l‘ 2 Theta
‘ Coating
Substrate
SPECIMEN

Schematic Representation of the Glancing Angle Technique

b)

Figure 3-10: Geometry in a) Bragg-Brentano and b) glancing angle geometry.
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The fixed angle of incidence allowed analysis of the sample with an almost
constant penetration depth. The penetration depth is defined as the distance
from the surface over which the diffracting planes in the specimen contribute to
the whole diffracted intensity [159].

The depth of penetration X is often defined as the depth from which the
diffracted intensity has a value of 7/e of the incident intensity for a linear

absorption coefficient 4, with y being the angle of incidence.

For Bragg-Brentano geometry y =sinf Equation 3-5:
) ¢ 2u
For Parallel Beam geometry , __ Siny sin(26-7) Equation 3-6:

u (siny +sin(26-7))

A major advantage of glancing angle parallel beam geometry over the
Bragg-Brentano geometry for analysis is that above 26 = 30° the penetration
depth is almost constant over a wide range of diffraction angles. The linear
absorption coefficient needed for the calculation was calculated to be 620cm™
for TIAIN [129]. The penetration depth for glancing angle stress measurements
ét 5° incident angle is therefore 1200nm. The penetration depth at 0.5° would
be ~200nm. The compositional and structural differences on the coating surface
after heat treatment (e.g. increased roughness at the sample surface, porous

oxide layer) allowed only a very rough assumption of the true penetration depth.

The residual stress present in the coating was determined using glancing
angle parallel beam geometry [161], with a fixed incident angle of 5° and all
reflections between 30 and 140°. Another method used was an asymmetric
Bragg-Brentano scan (Q-ilt) uéing the {422} reflection by varying the tilt angle
between 0° and 50° [159, 162]. The glancing angle method was not available at
the beginning of this PhD and for this reason two different methods to
determine the stress in coatings were used. The following tilt angles were used
16°, 24°, 32°, 38° and 44°. In this work the stress considered is parallel to the

surface. The stress is calculated with the following equation:
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_ E-slope

siress = Equation 3-7
" g, (14 ) |

where E is the elastic-modulus of the material, the slope is the gradient
measured from a lattice parameter a, versus sin®y plot, a, is the unstressed
lattice parameter and g is Poisson’s ratio. [159, 162]. A value of 0.3 was
reported for the Poisson’s ratio of TiN films [163]. This value was used in all

calculations.

The lattice parameter a, is determined over the peak position measured.
The lattice parameter a, is plotted versus sin®y . The slope from this plot is a

measure of the strain distribution. Therefore the stress can be calculated using

Equation 3-7.
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4 OXIDATION BEHAVIOUR OF MACRO
DEFECTS

The coatings in this investigation were produced using the combined
cathodic arc/ unbalanced magnetron sputter technique (ABS™). The cathodic
arc chromium metal ion-etching step is an important step in the combined
technique. It allows high and reliable adhesion values for PVD hard coatings on
steel substrates [34]. One of the drawbacks of the cathodic arc deposition are
macroparticles generated in the metal ion etching stage which result in the
formation of local growth defects [24, 25, 48, 54, 55]. In previous papers [24,
55] it was shown that the size and the amount of droplets are substantially
reduced by the cathodic arc Cr metal ion etch. However, the few remaining
droplets lead to a shadowing effect underneath the droplet, which results in an
attenuated ion and deposition flux. The defect structure that surrounds a droplet
leaves a low-density zone or even a gap between the growth defect grain
structure and the coating [54]. In other cases the droplets and the defects,
grown on the droplets, may be expelled from the coating during film growth due
to compressive stresses generated by the growing film, causing craters [55].
The effect of heat treatment on the coatings deposited on different substrates
was observed using mainly scanning electron microscopy. In case of high
speed steel and cemented carbide only the TiAIN/CrN coating deposited at 8kW

was investigated.
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4.1 Growth Defects

4.1.1 SEM imaging

Examination at low magnification of the surface of the as-deposited coating
using SEM showed the presence of growth defects and craters (Figure 4-1).
Droplets produced by the cathodic arc metal ion etch led to growth defects in
the coating, which can extend from the substrate to the coating surface [54].
Because of the inherent high residual compressive stresses in the coating,
some defects become detached [55] resulting in the formation of craters as

pointed out by the arrow in Figure 4-1.

4.1.2 TEM imaging

Figure 4-2 shows a TEM BF micrograph of a cross section of a growth
defect. At the substrate/ coating interface the amount of material removed
during the Cr metal ion etch is visible, because the droplet shadowed parts of
the substrate surface. The droplet itself has been réshaped due to the ion
bombardment. The coating grain structure on the droplet has a different growth
direction in comparison to the general perpendicular columnar growth observed
in the coating. The effect caused by shadowing of the droplet and the low-
density zone surrounding the droplet is clearly visible.
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4.2 Effect of different substrate materials

Stainless steel AISI 304 (SS) was mainly used for the oxidation
investigations because it is non-magnetic, it has a high oxidation res-istance and
therefore low interference with the investigation of the oxidation behaviour of
the coating. However, tools are manufactured from high-speed steel AISI M2
(M2) and cemented carbide WC-Co (CC). Eventual differences occurring after
heat treatment have been observed using SEM. The oxidation behaviour and
the oxidation products formed from CC and M2 was observed using TG and
XRD.

4.2.1 TG measurements

The TG measurements in Figure 4-3 revealed that the CC starts to oxidise
rapidly at temperatures above 700°C. In contrast to CC, rapid oxidation in M2
high-speed steel does not occur before 900°C. The weight gain of cemented
carbide is higher than that of M2 and SS by a factor 5 and a factor 100,
respectively when heated to 1000°C. Cemented carbide is well known for its
rapid oxidation behaviour starting at temperatures as low as 600°C [98]. It
needs therefore a protective coating to enable its use in high-speed cutting
operations. The weight gain of SS 304 is plotted for comparison purposes in
Figure 4-4.

4.2.2 XRD analysis

XRD diffraction patterns of the surface of CC and M2 heat treated at 900°C
for 1h (CC) and 1000°C for 1h (M2) are shown in Figure 4-5 and Figure 4-6.
The oxides identified on CC were two different forms of tungsten oxide, both of
type WO3 with a monoclinic crystal structure (JCPDS 24-747) and a triclinic
crystal structure (JCPDS 20-1323), respectively together with a mixed tungsten
cobalt oxide CoWQ, with a cubic crystal structure (JCPDS 15-867) [94]. The

mixed CoWO, oxide resulted from the oxidation of the cobalt binder used in
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liquid phase sintering of the tungsten carbide matrix. On M2, hematite: (JCPDS
24-0072) Fe,03;, magnetite (JCPDS 19-0629) FesOs and a mixed FeCryO4
(JCPDS 24-0512) oxide were identified. The M2 substrate material was not fully
oxidised, as can be seen from the presence of the remaining iron (JCPDS 06-
0696) peaks in the XRD pattern in Figure 4-6.

423 SEM investigations

After heat treatment of TIiAIN type coatings with different Cr content
deposited onto stainless steel the formation of oxide needles around growth
defects was observed. TiAICrN and TiAIN/CrN produced using a power 0.5kW
to 12kW power on the Cr target were heat treated for 5h at 900°C [21]. The
coating surface was examined using SEM. Oxide nodules covered the coating
and the growth defects observed in the as-deposited condition after heat

treatment.

On a number of growth defects larger oxides were observed surrounding the
defect area (Figure 4-7). The oxidation had increased, because of the low-
density region, surrounding a defect in the coating. With increasing Cr content
and increasing oxidation resistance of the coating [21] the incidence of needles

surrounding a growth defect decreased.

Spot analysis on oxides in defect free regions and on a needle surrounding
a growth defect are shown in Figure 4-7 and were made using 10kV
accelerating voltage. The needles surrounding the growth defect are richer in Ti
than the oxides formed in defect free regiohs. Because of the large excitation
volume the X-rays collected stem from a relatively large volume surrounding
and under the needle. It is likely that the primary cation in the crystallites is Ti.
Additionally, the needles grow with a morphology similar to a rutile structure
(TiOz) crystals [94]. The formation of Ti-rich oxides was observed forming in
cracks after heat treatment for 3h at 850°C of TiAIN deposited onto SS on the

coating surface after [11].
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Elemental mapping of a growth defect found on a Tio.44Alo53Cro 3N coating
showed that oxide needles are rich in Ti (Figure 4-8). Even though the beam
spread is in the range of 1um, it can be concluded from both the elemental
maps and the point analysis that the enlarged oxide needles surrounding a
defect are rich in Ti.

Oxidation of Tip.26Alo.26N/Cro.4sN coatings deposited onto CC at temperatures
as low as 700°C showed that oxides were formed at the bottom of craters
(Figure 4-9a). These craters were formed from growth defects, which were
expelled during deposition due to the development of high compressive
stresses [55]. Increasing the temperature to 800°C leads to a significant
increase in oxide formation in the crater, which resulted in cracking of the
adjacent coating (Figure 4-9b). EDX analysis of the oxidation product in the
crater showed the presence of both tungsten and oxygen (Figure 4-10a). The
presence of the element tungsten in the oxides formed in the crater clearly
shows that these oxides are formed by the oxidation of the substrate. Previous
XRD measurements on the oxidised substrate indicated that the oxides formed
were CoWO; and WOs (Figure 4-5).

A possible mechanism for the formation of cracks in the coating adjacent to
craters containing oxide is the high volume expansion of tungsten oxide relative
to that of tungsten (38% increase in volume). In contrast to CC local oxidation
of substrate material in holes occurred at higher temperatures on M2. The first
oxides were observed at 700°C on CC and at 900°C on M2. This result is not
surprising as the TG analysis clearly showed that CC oxidises at a significantly
lower temperature than M2 (Figure 4-3).

Another type of oxidation product is shown in the micrograph in Figure 4-
11a) at 700°C on coated CC. At low magnifications, accumulations of very small
globular dejects were observed as shown by the arrows in Figure 4-11a). At
higher maénifications (Figure 4-11b) a continuous oxide layer is observed
covered with both smaller and larger sized globular oxides. In these regions
only a small concentration of substrate eleménts were observed for a coated
CC oxidised at 800°C (see Figure 4-10b). This special defect may be related to
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areas where the droplet and the growth defect were expelled during film growth
and the crater created has been partially filled with coating material [55]. Pores
formed in the under-dense region at the rim of the growth defect on the
deposited film material exhibited localised oxidation. Further oxidation led to the
formation of spherical oxides as shown in the micrograph in Figure 4-11c) and
the appearance of substrate elements in the oxidation product as shown in the
EDX spectrum in Figure 4-10c) at 800°C on coated CC. Similar shaped defects
were observed on coated M2. An EDX spectrum in Figure 4-10d) taken at
900°C showed the presence of Fe and O on the surface of the coated M2 steel.
However, on coated M2 this defect formation was in general less pronounced
than that on coated CC and the first defects containing substrate elements
occurred in the oxidation products at 900°C on M2. These results are reflected
in the relative oxidation resistance of the M2 high speed steel, in comparison to

CC as can be seen using thermogravimetry Figure 4-3.

4.3 Cutting edge and coupon

TIAICTYN+OXx is a coating deposited onto mills for dry high speed cutting of
difficult to cut materials (A2) [1]. SEM was used to compare TiAICrYN+Ox
coated CC coupon with a TIAICr'YN+Ox coated ball nosed end mill. Results
previously observed (chapter 4.2) [168], on a TiAIN/CrN coated CC coupon
were compared with the TiIAICr'YN+Ox coated coupon and ball nosed end mill.
Both specimens were coated in the same process and heat treated for 1h at

900°C in a furnace in air.

4.3.1 SEM investigations

A surface containing a few growth defects was observed in the case of the
as-depositéa coated coupon similar to Figure 4-1. In case of the as-deposited
end mill a higher concentration of growth defects was observed around the
cutting edge (Figure 4-12). The growth defects around the cutting edge region

seemed to be larger than the average defect size. This indicates a preferred
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accumulation of macro-particles around the cutting edge. The increased
accumulation of macro-particles at the cutting edge was explained by [73], who
deposited CrN onto various edge shapes using ioh plating, by an increased ion
current density at the edge region. An increased number of macro-particles was
also observed with increasing sharpness of the edge.

After heat treatment the formation of defects containing substrate elements
Co and W was observed in both specimens. On the coupon three different kind
of defects were observed (Figure 4-13). The first type showed radial cracks in
the coating emanating from an area where substrate oxides penetrated the
coating surface. Point analysis taken in the centre of the defect shows the
presence of the element W. The second type shows an accumulation of oxides
of ~20pm in diameter also rich in W. The third type of defect is thought to have
formed from a hole left from a growth defect that had been expelled during the
coating process [55]. Again, EDX point analysis revealed the presence of W in
this type of defect (Figure 4-13).

In the case of the oxidised end mill the increase in volume of the Co and W
oxides is clearly visible when comparing the oxidised shaft of the non-coated
part of the mill with the coated cutting edge region Figure 4-14. The coating
showed a green interference colour, indicating the formation of a very thin oxide
layer. Closer examination of the cutting edge region using SEM revealed similar
features to those observed on the coupon (Figure 4-15). However, the
appearance of defects on the cutting edge is higher than on the coupon. A
typical defect is shown in a magnified region of the cutting edge (top of Figure
4-15).

EDX analysis showed the presence of W and Co. Previous XRD analysis
indicated that the oxide products would be of type WO3; and CoWQ,.

These results show a preferred deposition and oxivdation of macro-particles
at the cutting edge region. After heat treatment an increased number of oxides
containing s'TJbstra‘te oxides (probably WO3; and CoWO,) was observed in this
region. This shows clearly that the amount of substrate material on the surface
is dependent on the number of defects generated during deposition. The
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defects formed in a similar manner as described in a previous section (see
chapter 4.2).

4.4 The formation of Cracks

Previous investigations showed that the oxidation resistance of the TiAICrN
coating increases as the CrN component of the nanolayered coating increased
. [21]. It was reported that evidence of cracking was also found in some of these
coatings.

Secondly, an increase in hardness and a smothér interface of the layers was
observed with increasing bias voltage on nanolayered coatings by [3]. A
nanolayered Tip2sAlo.26N/Cro4gN coating was deposited using bias voltages of '
-75V, -85V and -95V at a constant Cr target power of 8kW. Special attention
was paid to the Tig2sAlo26N/Cro4sN system, because of its advantageous
mechanical properties [21].

These investigations will show that a dependency exists between the
deposition parameters, the Cr content and the occurrence of cracking. For this

purpose TiAIN/CrN was deposited onto stainless steel substrates.

4.4.1 Effect of bias voltage variation on TiAIN/CrN using |
SKkW power on the Cr target

All the specimens had a similar appearance in the as-deposited condition as
previously observed using SEM (Figure 4-1). The samples were heat treated for

1h and 5h in a furnace at 900°C in air.

Optical and SEM microscopy showed the presence of a crack network on
the coating surface of TIAIN/CrN after heat treatment for.1h at 900°C (Figure 4-
16). Cracks appear to pass through existing defects in the coating. At higher
negative applied bias voltage the amount and incidence of observed cracking
decreased. The width of the cracks and the amount of local pronounced
oxidation inside the cracks also seemed to decrease with increasing bias

voltage. Mclintyre et al. [11] reported the appearance of crack networks upon
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heating TipsAlosN coatings deposited at low bias voltages and their
disappearance when the bias voltage was increased to -150V. This
dependency on bias voltage was associated with an increase in residual stress
with increasing bias voltage. Similar observations were made by [90] using AIN
on varioUs substrate materials by increasing the deposition temperature. This
increases also the mobility of the adatom on the substrate surface. In the
current investigation the residual stress increases from —5.1 GPa at —75 V bias
to —9.2 GPa at -95 V bias. The cracks observed were genei'atéd upon heating,
due to differences in the thermal expansion coefficients of substrate and film.
The method of linear extrapolation of the coefficients of expansion of the binary
components was used by [11] to determine the coefficient of linear expansion of
TiAIN. Assuming that this method can be applied to a TIAIN/CrN nanolayer
structure a value of 4.7x10° K" was obtained. The coefficient for the binary
components were AIN (5.7x10° K™), TiN (9.4x107° K) and CrN (2.3x107° K™)
[9]. The linear expansion coefficient for austenitic SS 304 is 19x10° K [164].
During heating, the additional expansion of the substrate superimposes a
tensile stress in the nitride film leading to crack formation [92; 90; 89]. The
theoretical temperature at which cracking would first occur is induced when the
tensile stresses produced during heating, om exceed the residual compressive

stresses developed during deposition. oy, was calculated using:
Oth = EL/(1-V[_)X(aL-as)X(Tox-Td) Equation 1 [89]

where the subscripts L stands for layer, S for substrate, OX for oxidation or

heat treatment temperature and d for deposition temperature.

From purely theoretical considerations, i.e ignoring any stress relief within
the coating, cracking could first occur in the —=75V bias sample at 630°C, at the
-85V bias sample at 900°C and at the —95V bias sample at 1120°C, thus
cracking is more likely to occur when TIAIN/CrN superlattice coatings are
deposited at —75V bias.

The oxide formation locally in the cracks was more pronounced than on the
general coating su.rface. Some oxides had a bulge shape with facets at the

surface of the oxide. After heat treatment for Sh at 900°C the presence of Fe
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and Cr in these oxides was confirmed by EDX (Figure 4-17). Additional to the
needle type oxide in the cracks, a more protruding type of oxide was observed.
These protrusions were richer in Fe and Cr than those of the needle type
oxides, which were associated with rutile (TiO,) formation. The presence and
the different shape of oxides in the cracks might be depending on the depth and
width of the crack.

On the -75V bias sample, a crack connecting the coating surface with the
substrate that was filled with oxides was imaged using TEM (Figure 4-18). The
bright field image montage shows clearly how oxidation progressed through the
crack and how substrate material was consumed. EDX analysis, recorded at
the top-centre of the crack filling oxide, revealed an additional amount of Ti,
suggesting the formation of a TiO, oxide. The cross sectional TEM bright field
image showed that cracks formed in the coating can propagate through the
entire coating layer. The cracks provide direct pathways for the penetration of
oxygen allowing oxidation on the substrate and substrate elements to diffuse
through to the coating surface.

The activation energy and the free energy of formation of oxides from
nitrides is shown in Table 4-1. This showed that the formation of Cr,Os is
favoured over TiO2 and Al,O3 (Table 4-1). The formation of a Cr rich oxide layer
was expected, whereas the formation of a Ti-rich oxide in the crack showed that

theoretical considerations are not true in all cases.

lonic radius [nm] of | Activation | AGgooec [kJ/mol | AGnitridessooc
most common Energy 02] [Y] [kJ/mol O3]

valence [X] [EaleV]
TiO, Ti 0.068 2.0 [Z] -170 -500 (TiN)
oAl;0; Al 0.053 22-24[Z] |  -205 -620 (AIN)
Cr0; Cr0.063 1.6 [1] -130 -585 (CrN)

Table 4-1: AG nitrides have been calculated from the AG of metal nitrides and
AG of metal oxides. AG produced by the formation of oxides directly from the
nitrides was"made at 900°C, the nitrides used are given in brackets. X=[165],
Y=[166], Z=[11], *=[29]
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4.4.2 Effect of Cr target power

After heat treatment for 1h at 900°C, formation of cracks in the coating
surface was observed (Figure 4-19) for a Cr concentration exceeding 30at%
(normalised to the total metal content). This was observed when the power
applied to the Cr target was 4kW. The addition of Cr changes the thermal
coefficient of expansion of this coating. The method of linear: extrapolation
introduced in the previous section (4.4.1) was applied to calculate the thermal
expansion coefficient for various compositions of TiAIN/CrN. Table 4-2 shows
" the concentration measured using RBS, the calculated thermal expansion
coefficient and the observations made in the SEM after heat treatment for 1h at
900°C.

Coatings SEM after 1h at 900°C Thermal expansion
(Cr target power used) Cracking? coefficient am [10-€ K]

Tio.44Alo.54Cro.02N (0.5kW) No 7.26
Tio.435Al0515Cro.0sN (1kW) No 7.14
Tio.38Al0.4aN/Cro.1sN (2kW) --- 6.49
Tio.34Alo.36N/Cro.30N (4kW) Yes 5.94
Tio.22Al0.26N/Cro52N (8kW) Yes 4.75
Tio.19Alo.19N/Cros2N (12kW) Yes 4.66
SS 304 [164] --- 4.30

Table 4-2: Concentration of coatings normalised to a 100at% metal content,
observations made after heat treatment and the calculated thermal expansion
coefficient. A difference between monolithic (TIiAICrN) and nanolayered
(TIAIN/CrN) coatings is made in the writing, for the measurements of the bi-
tayer thickness see [130].

The table shows that cracking occurred on a stainless steel substrate coated
with a Cr containing TIiAIN type coating if the thermal expansion coefficient fell
below 6.5x10° K. Previous investigations [130] showed an increase in residual
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stress from —3.8GPa for TiAICrN coating, deposited using 0.5kW Cr target
power, to —6.15GPa for a TiAIN/CrN coating deposited, using 12kW Cr target
power. This shows that with increasing difference between thermal expansion
coefficient of the stainless steel substrate and the coating the compressive
stress increases, too. The compressive stress in the coating should counteract

cracking to some extent.

4.5 Discussion

Localised a different oxidation behaviour to the overall coating was
observed. Two major kinds of oxides emerged at defects. Oxides rich in Ti or
oxides formed by substrate material were observed. The formation of either one
or the other is probably dependent on the depth of the defect (connection with

substrate material) and time of the heat treatment.

_The influence of pinholes in the coating and the diffusion of substrate
materials through the coating was also observed by [167], [123]. Penetration of
Fe, probably through pinholes in a CrN coating sputter deposited onto Ck 45
steel, was observed after heat treatment for 2.5h at 600°C [123]. Fe oxides
were found on the coating surface of TiN deposited onto M2 steel by ion plating
after oxidation occurred in a sterilisation process at 130°C and 210 kPa steam
pressure [167]. The deposition process in this case produced, through the
formation of droplets, an additional number of defects at the coating surface.
These defects and the diffusion of substrate elements through pinholes led to
the formation of substrate element oxides at the coating surface. It was found
that the influence of the substrate material forming oxides on the coating
surface increases with decreasing oxidation properties (onset point of rapid
oxidation) of the substrate material. The formation of substrate oxides becomes
critical if they have a large volume expansion. This was visible in the case of

WO,;, whichled to crack formation in the coating.

It was shown that by altering the composition of the coating or the coating
parameters it was possible to influence the oxidation behaviour and the

formation of cracks, if they are occurring. An increase in bias voltage decreased
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th'e presence of cracks in the coating. However, cracks only occurred if the
thermal expansion coefficient decreases below ~6x10° K. The importance of
adjusting the process parameters to achieve the best results, in order to
improve the oxidation behaviour, was shown by [90] and [89]. Both investigated
the influence of heat treatment of the stress in the coating deposited onto
different substrate materials.

4.6 Summary

The importance of the oxidation resistance of the substrate materials used
for deposition in connection with growth defects and cracks was shown. In the
case of CC, which has an onset point of rapid oxidation at 600°C, oxides
formed out of substrate elements W and Co Were observed at the coating
surface. In the case of M2 steel this was the case at 900°C.

On the coating TIiAIN/CrN deposited onto SS 304 the importance of the
thermal expansion coefficientvwas demonstrated. Cracks occurred in the film
deposited using 4kW power on the Cr target. This is equivalent with a Cr
content of 30at% (normalised metal content). Cracks only occurred if the
thermal expansion coefficient fell below ~6x108 K.

In the case of TIAIN/CrN deposited using 8kW power on the Crbtarget the
bias voltage was altered. This effects the formation of cracks. At higher bias
voltages a decrease in the crack formation and oxide formation was observed.
The higher stresses induced into the coating were responsible for this effect.
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4.7 Figures

Figure 4-1: SEM micrograph of as-deposited sputter deposited coating after a
Cr metal ion etch

250nm
material removal through
Crion etch

Figure 4-2: Cross sectional TEM BF micrograph of a growth defect
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oxide needle
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Figure 4-7: SEM micrographs after heat treatment for 5h at 900°C of growth
defect

Figure 4-8: EDX map of a growth defect found on TIAICrN after heat treatment
for 5h at 900°C
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Figure 4-9: a) Oxides appear on the bottom of a crater on coated CC at 700°C
b) Oxide formation on coated CC initiated local cracking of the coating at 800°C
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Figure 4-10: EDX spot analysis of (a) oxide breaking through the surface on
coated CC. Ti and Cr indicate the areas where the K, lines of these elements
would be observed. (b) of accumulated globular oxides on coated CC after heat
treatment at 800°C. (c) of big oxide formed in the globular oxide region on CC

at 800°C. (d) of big oxide formed in the globular oxide region on M2 at 900°C.
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Figure 4-11: a) Low magnification survey on an oxidised coated CC at 700°C b)
Accumulated globular oxides in detail on CC at 800°C c) Big oxide formed in
globular oxides on CC at 800°C
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Figure 4-12: Surface of the cutting edge of an end mill coated with
TIAICrYN+Ox coating after heat treatment for 1h at 900°C.
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Figure 4-13: Three different defects on TiAICrYN+Ox coated coupon after heat
treatment for 1h at 900°C

91



Chapter 4 — Oxidation behaviour of macro defects

Figure 4-15: TIAICrYN+Ox coated end mill after heat treatment for 1h at 900°C
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Figure 4-16: Cracks observed optically and using SEM on TiAIN/CrN deposited
using different bias voltages after heat treatment for 1h at 900°C
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Figure 4-17: Formation of oxides in a crack after heat treatment for 5h at 900°C
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Figure 4-18: TEM BF micrograph with EDX spot analysis on TiAIN/CrN after
heat treatment for 1h at 900°C
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Figure 4-19: SEM micrographs from various TiAIN/CrN after heat treatment for
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5 Tig.4aAly54Cro,02N

This coating is the basis for observations on TiAICrYN and TiAIN/CrN.
Investigations of this film were made with the same methods used on the main
coatings of interest: TIAICTYN and TiAIN/CrN. This should make it possible to
discuss differences/ advantages of the other films. The samples had in the as-
deposited condition a shiny dark grey appearance. After heat treatment for 1h

at 900°C the sample had a grey interference colour.

5.1 TG measurements

Tio.44Alos54Croo2N is the basic coating material under investigation. The
Tig.a4Alos4CroooN coating was deposited onto type 304 stainless steel and
compared with TiN, a widely used coating material, with an onset point of rapid
oxidation in the region of 600°C and a maximum weight gain of ~10 g m? [32].
The basic substrate material for dry high-speed cutting is cemented carbide. In
this case, WC embedded in a Co matrix was used. Another substrate material
interesting for cutting tools in general is M2 high-speed steel. These materials
have been analysed using thermogravimetry to find out basic data about their
oxidation behaviour. The various materials were heated up to 1000°C using a
linear heating rate of 1°C min™ from 400°C to 1000°C (see Chapter 3.4). As can
be seen from Figure 5-1, where the temperature is plotted against the weight
gain, the oxidation reaction of cemented carbide and M2 steel is very rapid in
comparison to the hard coatings (TiN and Tio.44Alo54Cro.02N). From these data
an onset point for rapid oxidation of 600°C and 800°C for the cemented (;arbide
and M2 steel was determined. The maximum weight gain for cemented carbide
(outside scale of Figure 5-1) in this measurement was ~1700 g m and for M2
~350 g m'sz168]. The TiN oxidation behaviour was plotted as a reference. This
coating starts to oxidise rapidly at temperatures above 600°C. For the
Tio.44Alo54Cro.02N coating an onset point of ~300°C and a maximum weight gain

of ~4 g m? was found. -
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Isothermal thermogravimetric measurements presented in Figure 5-2 show
the oxidation behaviour of Tig.44Alp54Cro.02N in more detail. It is important to note
that the regime of constant temperature started about 45 min (for 900°C) after
the measurement started. The isothermal results are in good agreement with
the continuous ones. From the increase in weight gain from 820°C to 920°, it is
obvious that the raté of reaction speeds up considerably. The profile of the
920°C curve shows a very steep increase in weight gain in the first hour. After
this the reaction changes into a moderate increase of weight, the rate of weight
gain between 2h — 10h is approximately half of that between 0.5 to 2h. This
means the reaction process was altered. Saturation of the reaction process,
converting all TIAICrN into oxides is not achieved after 10h.

The measurements on substrate materials using TG were compared to
results reported in the literature. Cemented carbide is well known for its rapid
oxidation behaviour starting at temperatures as low as 600°C [98]. The onset
point of rapid oxidation derived from the TG measurement of 600°C for the
cemented carbide used in this investigation fits well into this observation. The
onset point for M2 steel is considerably higher (800°C). Unfortunately this steel
starts to soften at temperatures above 600°C and hence, it cannot be used .at

such high temperatures.

The isothermal curves suggested that no saturation of the sample with
oxygen is achieved after 10h. To determine when the whole coating is oxidised
on stainless steel is difficult because of interactions of the substrate material. It
was shown that after oxidation for 1h at 950°C almost all the TiAICTN coating
was oxidised using SEM [33].
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5.2 TEM observations

Transmission electron bright field images from the whole cross section of
the as-deposited film Figure 5-3a), a magnified image of the middle Figure 5-
3b) and a selected area diffraction pattern Figure 5-3c), with an aperture of
500nm diameter, is shown to characterise the film. The film thickness of the as-
deposited film was 2.8+0.1um. Along the column boundaries voids alternate
with dense regions. The length of a void along the column boundaries is about
500+200nm. Some of the void bands are marked in Figure 5-3b). The selected
area DP, taken with an aperture of 500nm in size, has a speckled appearance
and shows no specific orientation. A selected area diffraction pattern recorded
from the near substrate region indicated a (111) orientated film growth.

Bright field images taken after heat treatment for 1h at 900°C in air revealed
an oxide layer growth of 600 — 900nm (Figure 5-4a). The total thickness of the
sample was measured as 3.15+0.1um. This means that about 2.4pm of the film
are not yet oxidised. fhe oxide layer appeared to have various structured
zones. It is split into an outer darker band and an inner brighter band. The outer
layer has a measured thickness of 150+50nm and the layer beneath it of 400-
750nm. Interestingly, observation of the columns from the middle of the coating
revealed no voids, even at considerably higher magnification than chosen for
the as-deposited sample (Figure 5-4b). Also the substrate interface seemed to
be unaffected. The coating appeared perfectly dense. The diffraction pattern
showed a fcc crystal structure in (110) direction (Figure 5-4c). It was taken in
the same way as for the as-deposited sample. The DP indicates an increase in
preferred orientation of the coating structure after heat treatment.

A micrograph of the oxide layer at higher magnification revealed an outer
dense oxide layer (Figure 5-5). Beneath this layer a brighter porous crystalline
region was found. Between the oxide layer and the nitride a mottled zone of
about 50nm was visible (arrow). Oxygen should, after diffusing through the
outer layer;-be able to rapidly reach the remaining nitride through the porous
layer. The mottled zone might be the first visible change caused by oxidation in

the nitride layer.
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5.3 XRD measurements

Glancing angle parallel beam measurements with 0.5° incident angle were
taken from the as-deposited sample and after heat treatment for 1h at 900°C.
The as-deposited sample shows reflections at 37.30 °20 for {111}, at 43.30 °26
for {200} and at 62.99 °26 for {220} position (Figure 5-6). The mean peak width
~ for ;hesé reflections was 0.348 °26 at full width half maximum. The peak heights
can not be used to identify the preferred orientation in a glancing angle
measurement.

After heat treatment a diffraction pattern using similar conditions was taken
(Figure 5-7). Reflections arising from the coating were not observed. The
diffraction pattern revealed a series of mainly overlapping peaks. The
reflections arise mainly from TiO, (JCPDS 21-1276) in its rutile form and
corundum Al,O3 (JCPDS 42-1468). The anatase form of TiO, (JCPDS 21-1272)
was also observed along with Fe;O4 (JCPDS 19-629) or FeCr,04 (JCPDS 34-
0140) [94]. The two Fe oxide phases have the same crystal structure (cubic)
and are isomorphous, hence either or both of them can be present. Additionally,
two peaks were observed that could not clearly be identified to belong to a
specific oxide. These peaks probably arise of a complex oxide of Fe and/ or Cr.

In [130] {111} was the preferred orientation of Tip44Alo53Cro 03N coating. The
coating peaks in Figure 5-6 show a strong reflection caused by {111} and {110}
planes. However, glancing angle measurements cannot be used to gain texture

information because there is no common diffraction vector.

5.4 EDX point analysis

A éeries of EDX point analyses through the oxide layer revealed that the
outer layer is Al-rich and the lower one is Ti-rich (Figure 5-8). The Ti-rich zone
is ~600nm Wide and the Al-rich zone is ~250nm wide. The Ti-rich area contains
also some points rich in Al. At the beginning of the Ti-rich area, an increase in
Cr content from ~2.5 at% to ~7.5 at% was observed. The Fe concentration

stayed constant. The Fe profile was not plotted in order to improve the clarity of
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the other elemental profiles. For the N and O line the change in intensity in a
narrow keV of the EDX spectra range was examined. To avoid influences of the
sample thickness, the N or O gross integral counts were divided through by the
total counts of all EDX-peaks under investigation. To make the N and O signal
visible in this graph they had to be multiplied by a scaling factor. The N line
stays almost constant throughout the nitride and oxide region. The O line,
instead, shows a clear change in intensity. Below the oxide layer the
concentration of O is considerably lower.

Comparisons between the concentration of various elements before and
after heat treatment were made for the substrate/ coating region (Figure 5-9).
The integrity of this region after heat treatment is important for the adhesion of
the coating. The Ti and Al content measured by the EDX analysis for the as-
deposited sample were 35at% and 60at%, respectively. These values differ
from the ones measured using RBS (Tip.44Alp 54Cro 02N).

The comparison of the Al and Ti concentrations showed a shallower rise in
Al and Ti content at the interface after heat treatment than in the as-deposited
specimen. In the case of Fe and Cr clear evidence of diffusion into the coating
(~150nm) was observed. The concentration of Fe and Cr in the SS 304
substrate decreased in comparison to the as-deposited sample. This suggests

an out-diffusion of these elements.

5.5 EDX mapping

Elemental distribution maps for the substrate region of the as-deposited
sample are shown in Figure 5-10. The intensity in the maps varies from the left
to the right side with the sample thickness. The interface between substrate and
coating is sharp. The change in contrast occurs in less than 8nm; The O map
mainly shows in this case the increase of background counts, depending on the
position of the beam on the sample, which giVes a good impression of change
in sample thickness.

A montége was made out of maps taken from the substrate/ coating
interface to the coating surface after heat treatment for 1h at 900°C (Figure 5-
11). For the maps the K line of the elements was used. The bi-layer formation,

an Al-rich and a Ti-rich zone, is very obvious in the maps. Furthermore, Al and
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Cr enrichment in the Ti zone was observed. The Cr map has a region of high
intensity above the Al-rich zone and below the Ti-rich zone. Comparisons with
the TEM image suggest that the Cr on top of the Al-rich layer was re-deposited
during the ion beam milling process (sample preparation). Cr diffusing from the
substrate to the coating surface probably causes the increased intensity
between the oxide and the nitride in the Cr map. This region of increased
intensity is approximately 90+£15nm wide (see arrow in Cr map Figure 5-11). In
the TIiAICrN coating higher intensity of Al, Ti and even N and O along the
column boundaries is visible. More striking is the high intensity of the Cr and Fe
maps mainly along the column boundaries from the stainless steel substrate to
the coating surface. Diffusion of Cr and Fe was also observed in the columns
themselves. The lack in intensity of these elements at the near substrate region
is probably sample thickness dependent.

Comparison between the EDX-point analysis and the EDX-mapping in the
base layer region demonstrated that it is important to have both results. One
reveals information about the local concentration and the other gives qualitative
information about the distribution of an element. In the case of the substrate/
coating region the results between the point analysis and the mapping differ.
The point analysis suggested a diffusion of substrate elements of 150nm into
the coating, whereas .the elemental maps clearly show that the substrate
elements Cr and Fe diffused mainly along the boundaries from the substrate to
the coating surface. The point analyses were made inside the columns, which
might explain this difference. Earlier measurements by [33] suggested a
depletion of Cr and Fe in the stainless steel substrate material after heat
treatment for 1h at 950°C (Figure 5-12). They also noted an increase in Cr and
Fe throughout the nitride film, this is probably directly related to the
temperature, which is above the onset point of rapid oxidation.

The point analysis and the elemental maps from the oxide layer compare
well. It was shown by [33] that after 1h at 950°C in the oxide layer formed Cr
was found below and after the Ti-rich zone. The maps from this investigation
showed that the Cr content in the oxide layer is dependent on the place of the
measurement. The results gained from the compositional investigation with the
structural information from the bright field micrographs and the XRD suggests

) that the Al,O3 oxide layer is dense and the layer beneath it, mainly TiO2, forms
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a porous oxide layer. The formation of a dense Al,O3 layer within 1h at 900°C

(see Figure 5-2) is seen as a reason for the decrease in the rate of weight gain.

5.6 Summary

The oxidation behaviour of Tio.44Al.54Cro.0z2N during thermogravimetric
measurements was compared with substrate materials used for tools and the
well understood coating TiN. After annealing for 1h at 900°C in air TiAICrN
formed an oxide bi-layer of ~800nm thickness mainly out of Al,O3 and TiO,. At
the same specimen elemental EDX maps revealed the diffusion of substrate
elements Cr and Fe along the column boundaries to the coating surface. Fe3O4
and Fe,CrO4 were indeed observed using XRD at the surface. This showed that
the substrate/ coating interface integrity is not guaranteed by TiAICIN after heat
treatment for 1h at 900°C. The coating structure changed due to the heat
treatment, as was observed by transmission electron microscopy. vThe

orientation in the columns seemed to be more uniform after annealing.
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Figure 5-1: Continuous thermogravimetric measurement from Tig 44Alo 54Cro 02N
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Figure 5-2: Isothermal thermogravimetric measurements of Tip 44Alg 54Cro.02N.
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Substrate

Figure 5-3: TEM micrographs of as-deposited TIiAICrN.
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Figure 5-4: TEM micrographs of TiAICrN after heat treatment for 1h at 900°C
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Figure 5-5: TEM micrograph of the oxide layer formed on TiAICrN after 1h at
900°C
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TIiAICrN after 1h at 900°C
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Figure 5-8: Point analysis through the oxide layer of TIAICrN after heat
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109



Chapter 5 — TIAICrN

TiAICrN as-deposited 200nm

Figure 5-10: Elemental maps from the substrate/ coating region of the as-

deposited TIAICrN coating. The substrate material was SS 304.
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Figure 5-11: Elemental maps from TiAICrN heat treated for 1h at 900°C
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Figure 5-12: SEM micrograph of TiAICrN deposited onto stainless steel heat
treated for 1h at 950°C [33].
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6 Ti0_43Alo,52Cl'0.03Y0,02N without OVERCOAT

Tio.43Al0.52Cro0.03Y0.02N was developed especially for dry high speed cutting of
difficult to cut materials like AISI A2 steel [13, 32]. Tio,43AI0,52Cr0‘03Y0,02VN
deposited on stainless steel was investigated to show eventual differences
between the “original” coating and the main investigations on TiAICrYN with
overcoat (Chapter 7) produced in machine B (commercial production) after heat

treatment.
The sample has in the as-deposited condition a bluish dark grey colour.

After heat treatment for 1h at 900°C the interference colour of the sample was
of shiny reddish dark black.

6.1 TEM observations

XTEM investigation of the original as-deposited TiAICrYN coating (Figure 6-
1) showed an interrupted columnar growth structure, when compared with the
columnar growth morphology of the Tig44Alos4Croo2N coating (Figure 5-3). A
selected area DP taken from the middle of the coating (Figure 6-1b) showed a
ring pattern associated with a micro-crystalline structure. Small separate void
bands of ~50 nm at the boundaries were found at high magnification (Figure 6-
1c).

After heat treatment for 1h at 900°C an oxide layer grthh of 430+50nm was
observed using XTEM. The microstructure presented in Figure 6-2a) exhibits a
dense crystalline surface overlayer with a thickness ranging from 140 to 200nm
and a less dense crystalline underlayer with a thickness ranging form 220 to
280nm. The contrast of the crystals in this layer varied, whereas the toplayer
had .a mor€ uniform contrast. The crystal size in the less dense layer was
between 50 and 90nm. Beneath that a mottled zone of ~60nm was observed.
This zone seemed to mark the beginning of the oxide layer. It is the border

between the nitride structure and the more equiaxed nature of the oxide layer. A
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ring pattern is shown using a selected area diffraction pattern from the middle of
the annealed sample (Figure 6-2b). In comparison with the ring pattern
observed in the as-deposited coating, the DP of the annealed sample appeared
to have some points of increased intensity, which would indicate a coarsening
of the structure. The stainless steel substrate seemed unaffected by the heat
treatment. |

The different growth structure of TIAICTYN in compafison with
Tip44Alo54Croo2N was explained by [33] with a continuous re-nucleation
mechanism initiated by the addition of Y. Similar microstructures were
generated and observed through ion-irradiation damage in TiN [169] and in
TiAIN [115] through the formation of wurtzite-AIN phase during the film growth
(Trimgromtn2560°C). Diffraction patterns were taken before and after heat
treatment for 1h at 950°C from TiAICrYN and compared by [33]. Essentially
identical selected area diffraction patterns were observed. The DP recorded in

this investigation indeed show minimal differences.

6.2 XRD measurements

The as-deposited coating was analysed using glancing angle parallel beam
with 0.5° incident angle. The as-deposited sample shows reflections at 37.15
°20 for {111}, at 42.98 °26 for {200} and at 62.75 °26 for {220} position (Figure
6-3). The mean peak width from these reflections was 1.067 °26 at full width
half maximum. The peak of the TIAICrYN is considerably broader than from
TIiAICTN (0.348 °20). This is supported by the evidence of a finer grain size
observed by TEM in the Y containing coating. The integrated intensities can not
be used to identify the preferred orientation in a glancing angle measurement,
because there are no common diffraction vectors.

After heat treatment (Figure 6-4) the presence of mainly Al2O3; (JCPDS 42-
1468) and TiO, (JCPDS 21-1276) was identified plus small amounts of CrO3
(JCPDS 38:1479) in solid solution with Al,O3 [94]. No reflections from the
coating could be identified because of the shallow angle of incidence used. The
oxide layer thickness (~430nm) was greater than the penetration depth of the X-

ray beam.
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6.3 EDX point analysis

Point analysis showed that a bi-layer was formed after heat treatment. The
Ti-rich and Al-rich region were ~250 nm and ~100 nm in size. The oxide layer
consisted out of a Al-rich outer region and a Ti-rich underlayer. Below the Ti-
rich region (~50 nm) an increase in Cr content from 3 at% to 13 at% was
observed. The N and O line cross over at a point which is marked by a line in
the diagram (Figure 6-5a). The Cr-rich region seemed to be below this
crossover point. The Y concentration increased from 1 at% in the coating up’ to
3 at%, on some points in the Ti-rich region, of the oxide layer. The high
concentration of Y decreases with the start of the Al-rich oxide layer region.

Further profiles through the XTEM in the base layer region were compared
to profiles taken before heat treatment (Figure 6-5b and c¢). The border between
base layer (~160 nm) and TiAICTYN coating is marked by the increase in Y
concentration from 0 at% to ~1 at%. After annealing, the amount of Cr and Fe in
the base layer, increased from 3.5 at% to 8.5 at% and from 0 at% to 2.9 at%,
respectively (Figure 6-5b). The high concentration of Cr and Fe decreased after
70nm and 50nm in the base layer, respectively. The Al-profile did not change
through the annealing. The alteration in the Ti-profile might indicate a migration
of Ti towards the substrate/ coating interface, to perhaps form a Ti-precipitate
(Figure 6-5c).

6.4 EDX mapping

Elemental XTEM maps of the coating surface after annealing are shown in
Figure 6-6. An oxide bi-layer containing mainly Ti-oxide and Al-oxide was
observed at the coating surface. This is consistence with the results gained
from the point analysis. The regions of high intensity in the Ti map show
decreased intensity in the O map. The Cr map shows an increased intensity in
the Al-rich tegion. They might be an indication of void formation. Al,03 and
Cr,0; are isostructural and can form a solid solution [80]. A thin Cr-rich band of
~30+7 nm was formed below the Ti-rich region. The Y map (L-line) showed a

series of Y-particles in the Ti-rich layer of 10 — 25 nm in size. To unambiguously
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identify, that the increase in intensity stemmed from Y, further maps were
recorded at higher magpnification both from the L- and K-line (Figure 6-7).

Elemental maps of the base layer from the as-deposited sample are shown
in Figure 6-8. The maps show an alteration in intensity as expected from the
point analysis profiles. No difference between base layer and coating was
observed in the Al, Ti, Cr and N maps. In the Y. map the base layer appeared
less intense. The interface between substrate and coating does not appear as a
straight line, because of drift of the sample during recording.

Cr, Fe and Y. maps are shown from the base layer region after heat
treatment (Figure 6-9). Cr and Fe started to diffuse into and beyond the base
layer region along boundaries. The diffusion path has a length of approximately
570 nm measured from the substrate/ coating interface. The decrease in
intensity in the Y. map marks the base layer region. The Al, Ti and N map
appeared in the same intensity, as in the as-deposited condition, therefore they

are not shown in the Figure.
6.5 Discussion

The formation of an oxide bi-layer of TiO, and Al,O3 after heat treatment
was previously reported by [11] for TiosAlosN and by [32, 33] for TiAICIN and
TiAICTYN. The elemental maps from the oxide layer in connection with the XRD
results fit well to these previously reported results. Furthermore the SNMS
results and EDX depth profiles reported by [33] and co-workers showed the
reported increase in Cr content before the oxide bi-layer. An oxide layer
thickness of 600nm after 1h at 900°C measured by SNMS and an oxide layer
thickness of ~400nm after annealing for 1h at 950°C was reported by [33].
Therefore, the oxide layer thickness of 430+50nm found in this investigation is
of the same order of magnitude as those previously reported. Considering only
the value derived by [33] after 1h at 950°C and the reported onset point of rapid
oxidation of,950°C, the oxide. layer measured in this investigation is relatively
thick, at 430+20 nm. However, a delamination during XTEM sample preparation
was also reported by [33], which might explain the difference in oxide layer

thickness.
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Through elemental mapping it was poséible to contribute to the knowledge
of the composition of the oxide layer and the interface integrity. EDX mapping
and point analysis in combination are techniques very well suited to define
variations in composition in coatings to get an overall idea and on small scales
(probe size ~3nm). A good example of this is the investigation of the oxide
layer. Point analysis revealed the increased amount of Y in‘ the Ti-rich area, but
with mapping it was possible to show that Y-particles had formed. The particles
were relative small in comparison to the sample thickness. Depending on where
the probe was placed the relatively small amount of 3at% of Y measured can be
explained. It was previously reported [33], that YO, accumulates at the interface
between the Ti-rich and Al-rich sublayers, but not at the lower Ti-rich oxide-
nitride interface. This is in contrast to the observation in this investigation. It
might be that the temperature of 950°C led to a further out-diffusion of Y and its
position between the Ti-rich and Al-rich sublayers. Differences in results
between the EDX maps and point profiles were noted in the case of Cr and Fe
diffusion into the coating. The Cr profile recorded aﬁef 1h at 900°C from the
base layer region indicated that the diffusion of Cr stopped in the base layer
after 70nm measured from the interface. The Cr map revealed a diffusion path
of 570nm from the interface. It also showed that the diffusion was limited to the

boundaries. A similar observation was made for Fe.

6.6 Summary

Further improvement of the oxidation behaviour in comparison to
Tio.44Alo.45Cro02N was achieved by the addition of 1 at% of Y (including all
elements) into the TIAICTYN coating. An oxide bi-layer with a thickness of
~430nm consisting mainly of Al,O3 and TiO, was observed after heat treatment
for 1h at 900°C. Y-rich particles were observed in the Ti-rich part of the oxide
layer. A Cr-rich band of ~50nm thickness at the border nitride-oxide was
observed. Elemental mapping of the cross section revealed diffusion of the
substrate elements Cr and Fe for ~570nm into the TiAICrYN coating after
annealing for 1h at 900°C. The addition of Y and the fine interrupted columnar

growth structure of the as-deposited sample are responsible for this
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improvement in interface protection and oxidation resistance, when compared

to TIAICrN.
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6.7 Figures

I" as-deposited

igina

TiAICrYN "or

500nm

Substrate

Figure 6-1: XTEM micrographs of as-deposited TiAICrYN “original” a) shows the
whole film, b) the DP taken from the middle, c) a magnified BF image from the
middie of the coating.
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mottled zone

TiAICrY "original"” after 1h at 900°C

Figure 6-2: XTEM micrograph of TiAICrYN “original” after heat treatment for 1h
at 900°C: a) the oxide layer, b) the DP taken from the middle
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Figure 6-3: Glancing angle measurement of the as-deposited TIAICrYN
“original” sample.
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Figure 6-4: Glancing angle XRD with 0.5° fixed incident angle from TIiAICrYN
after 1h at 900°C. A = Al,O3, T = TiO2, M = solid solution of Al,O3 and Cr;Os.
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Figure 6-5: EDX profiles from the “original” TIAICrYN before and after annealing
for 1h at 900°C: a) point analysis through oxide layer Y, b) Cr and Fe profile of
base layer, c) Al and Ti profile of base layer.
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Coating

2000m

B o BTN SRR .
Y-particles in TIAICFYN “original" after 1h at 900°C A,
Figure 6-7: Elemental map from the Ti-rich region of the oxide layer formed on

TiAICrYN after heat treatment for 1h at 900°C.
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TiAICrYN "original” as-deposited _200nm _

Figure 6-8: Elemental maps of the as-deposited TIAICrYN “original” base layer.
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Figure 6-9: Cr, Fe and YL map from the base layer region of TIAICrYN after
heat treatment for 1h at 900°C.
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7 TiAICrYN with OVERCOAT

Dry high speed cutting of difficult to cut materials like AISI A2 demands a
hard coating, which exhibits high toughness, high oxidation resistance, a limited
amount of stress and excellent adhesion. The original TIAICrYN coating already
met the last three requirements. With the addition of a nanoléyered oxynitride
overcoat the first requirement the tdughness of the surface was improved. This
was shown in Pin-on-Disc tests as well as in high speed milling tests [145, 1].
Further investigations regarding the high temperature behaviour of the
TIiAICTYN coating with overcoat (TiIAICrYN+Ox) were performed.

TIAICrYN+Ox samples were examined in as-deposited condition and after
heat treatment using TG, SEM, XRD, TEM and EDX analysis. The oxidation
behaviour was investigated after heat treatment at 900°C with a variation in
time and after 10h annealing at different temperatures. In some cases, the
TIAICrYN+Ox sample was compared to a TiAICrYN coating without the

overcoat deposited in the same coating machine.

7.1 TIAICrYN+Ox in as-deposited condition

7.1.1 TEM

Figure 7-1 shows the structure visible in a TEM bright field image of the as-
deposited film. The total film thickness was 2.3um. In this micrograph three
distinct regions were clearly visible, namely the base layer, the middle TIAICIYN
layer and the oxynitride layer. The structure changes from the base layer to the
TIAICTYN coating. In the TIiAICTYN layer (~1500nm) the coarse - columnar
structure of the base layer (~400nm) changes to one of fine interrupted
columnar growth. The oxynitride layer (~380nm) appears as a coarser and
darker band on top of the coating. The intensity of this layer is different, due to
an enhanced content in Cr in the oxynitride layer, which increases the mass

scattéring contrast. The relative amount of Y decreases in the overcoat region,
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which might explain the coarsening of the structure. Closer examination (higher
magnification) of the boundaries showed void bands of 450+100nm (Figure 7-1)

along some column boundaries.

The fine grained interrupted columnar growth observed in the as-deposited
sample is caused by constant renucleation, due to the addition of Y. The
microstructure is, except for the deposited oxynitride Cr-rich overcoat, similar to
the one found by [13, 33]. Similar microstructures have been observed to form
when renucleation was generated in TiN films by excessive ion-irradiation
damage [63] and in TiAIN by AIN wurtzite phase precipitation during growth
[115]. The number of voids found seemed slightly higher than in the original
sample. The problem with this observation is that a TEM sample represents

only a very small part of the coating structure.

7.1.2 XRD

Glancing angle X-ray diffraction indicated that the upper layer of the
oxynitride overcoat was amorphous, because there was no evidence of
reflections from the oxynitride overcoat only those from the coating (Figure 7-
2a). Additionally, the slightly curved background under the {111} peak might be
caused by diffused scattering from the amorphous layer.

The as-deposited sample showed reflections at 37.31 °26 for {111}, at 43.42
°26 for {200} and at 63.24 °26 for {220} positions (Figure 7-2a). The mean peak
width from these reflections was 1.082 °26 at full width half maximum. The peak
width of the TIAICrYN+Ox coating is considerably broader than that of the
TiAICIN coating (0.348 °20) and of the same order (1.067 °20) as for the
‘original’ TIAICrYN coating and showed a similar XRD pattern.

Low angle XRD (Figure 7-2b) from TiAICrYN+Ox showed the formation of a
diffraction peak from the nanolayer structure of the TiAIYN/CrN overcoat.
TIAICrYN in comparison to TiAICrYN+Ox showed no such response. The d-

spacing of the nanolayers in the overcoat region was 1.6nm.
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7.1.3 EDX point analysis

For the as-deposited sample an EDX point analysis profile was shown
above a BF XTEM micrograph (Figure 7-3) to relate variations in structure and
composition simultaneously. Important to note was ‘the rise of Y after the
TiAIMeN base layer in the coating and the slight drop in Cr content from
3.6+0.4at% to 2.4+0.1at%. In this case the metal concentration was normalised
“to 100%. Hence, the agreement between the concentration of Cr in the
Tio.17Al0.31Cro.014Y0.007No.so Sample measured by RBS and EDX was good. The
concentration of Cr measured by EDX is 1.2at%, where N is assumed to be
present with 50at% concentration. With RBS a Cr concentration of 1at% was
measured.

The peaks are exaggerated in the N and O curve, due to the way this curve
was created (see experimental). The cross over point (see arrow) between N
and O line is important. It will be used as a measure of progress of oxidation in
the heat treated specimens. At the coating surface the profiles of the coating
elements also matched the changes in deposition parameters. The changes are
more complex than in the base layer region. Therefore the point analysis
profiles of the overcoat region were closely examined. A rise in Cr concentration
to 40at % was achieved by increasing the power to the Cr target, as well as an
analogous decrease in Ti, Al and Y contents in this region, as would be
expected from the change in process parameters. The Cr-rich region (above
25at %) is approximately 250+20nm thick (total overcoat thickness 400nm).
The graded transition from the nitride to the oxynitride started approximately
180+20nm from the coating surface. There is a slight inconsistency between
measurements of the apparent overcoat thickness from XTEM and EDX
analysis. The mass contrast contribution to the XTEM image is not discernible
at the lower Cr concentrations, hence the measured overcoat thickness varies
with the method used. The multilayer structure is contained within the Cr rich

region.  ~
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7.1.4 EDX mapping

Al, Ti, Cr, and Y maps collected from the base layer region showed changes
in intensity, according to the difference in composition between substrate and
base layer (Figure 7-4). N and O maps showed variations between the
substrate and coating material. Even the small difference in Cr content between
base layer (~3.5at%) and TiAICTYN coating (~2.5at%) is noticeable in the Cr-
map. The Y content of the base layer was low (no peak was identified at the Y,
position), because the TIAIY target was run only at'0.5 kW during deposition of
the base layer, compared with 10.7 kW during the deposition of the ‘bulk’
TIAICTYN coating (1.1+0.3 at%). The slightly increased intensity of the Y map in
the substrate region stems from the increased amount of continuum counts
from the heavier elements (Fe, Cr, Ni) in the substrate contributing to the total
counts collected. The variation in intensity in the O map is caused by the same
effect.

Elemental maps were also obtained from the overcoat region (Figure 7-5).
The Cr map confirmed the increase in Cr content initiated during the deposition
process. In corresponding areas the Ti and Al maps appeared less intense than
in the Cr-rich area, which was in accordance with their reduced composition in
this area. At the end of the deposition process the power to the Cr target was
reduced to 0.7kW. This was seen in the Ti and Al maps where the outermost
layer was rich in Ti and Al. The change from nitrogen to dry air was also
observed in the middle of the Cr-rich region, again consistent growth process .
parameters. The Ti_ peak and the N peak, the Cr_ peak and the O peak overlap
in an EDX spectrum. The intensity in the N and O map was high enough to
arise from the low atomic number elements. The actual crossover between N
and O was probably closer to the surface than indicated by the map. Even
though a narrow window for O (0.48-0.56keV) was chosen, the amount of Cr in
this region probably produced a substantial number of Cr counts, enhancing
the O intensity. The change in Y concentration, 1.1+0.3 at% to 0.6 at% (lowest
concentration in the overcoat region), was not high enough to change the
intensity of the map noticeably. Below the elemental maps a BF TEM image is
shown. The overcoat region has been indicated at the same scale as in the

maps.
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7.1.5 Thermogravimetry

Continuous TG measurements (Figure 7-6) revealed a difference in weight
gain at 1000°C between the stainless steel substrate (6.6 gm), the TiN coating
(10.8 gm™) [32], TIAICIN (3.9 gm™) [32], TIAICrYN (2.8 gm™) and TIAICrYN with
overcoat (1.1 gm™). The onset point of rapid oxidation is at ~950°C for the Y
containing coatings, as previously reported by [32]. The weight gain versus
temperature graph for the TiIAICrYN+Ox coating has a distinctly different shape
to that of a similar TIAICrYN coating without the overcoat, in the region from
900°C to 1000°C. It appears that the oxidation first begins slowly and then
proceeds more rapidly. This could be explained by reference to difference in
composition of the overcoat region (first ~400nm), mainly Cr, and the main
coating. This is shown clearly by isothermal thermogravimetric measurements
at 920°C where a significant difference in weight gain (Figure 7-7) was
observed between the TIAICITYN+Ox (2.6+0.2 gm?®) and the one without
overcoat (3.840.2 gm?). For comparison purposes, the weight gain of a
Tio.44Alo.54Cro02N coating (5.2+0.2 gm™) and the substrate material SS 304
(6.7+0.2 gm™) were also plotted. The lower values of the TIAICrYN+Ox coating
results from the improved oxidation resistance of the Cr-rich interlayer [21] in
the oxynitride overcoat. Table 7-1 shows the difference in weight gain between
various isothermal measurements taken from TIAICrYN with and without the

overcoat.

Weight gain of TIAICrYN and TiAICrYN+Ox [gm™]

T [°C] 1h 2h 5h 10h
720 |0.28 |0.28 [0.30 |0.29 |0.36 |0.30 | 0.41 | 0.31
820 [0.35 [0.33 |0.43 035 |0.52 |0.40 |0.59 | 0.48

870 0.37 0.47 1.00 1.64
920 |0.76 |0.61 |[1.38 |0.94 |3.43 152 |3.80 |2.58
945 1.01 1.79 4.47 5.69
970 1.33 3.56 7.43 9.03

Table 7-1: Difference in weight gain between TiAICrYN and TiAICrYN+Ox out of
the same machine. The right column contains the data for the Y coating with

overcoat.
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Further isothermal measurements of the TIAICrYN+Ox alone were
performed to show the oxidation behaviour at various temperatures (Figure 7-
8). It is important to note that the regime of constant temperature started about
45 min (for 900°C) after the measurement started (see Chapter 3 -
Experimental). The isothermal results are in good agreement with the |
continuous ones. The increase in weight gain is very moderate below 920°C.
The temperature difference of 50°C between 870°C and 920°C doubles the
weight gain. Between 945°C and 970°C the weight gain increases by a factor
of two. The shape of the curves, especially the ones at higher temperatures,
indicate that various reaction processes are taking place. Some explanations
for possible reactions are given in Chapter 9 — Discussion. Saturation of the
reaction process, converting all coating material into oxides is not achieved,

even after 10h.

7.2 Observation after annealing at a constant time

Coated stainless steel specimens were heat treated for 10h in air at
temperatures between 600°C and 900°C. Samples heat treated from 600°C -
800°C showed an interference colour, whereas, after heat treatment for 10h at
900°C, a porous flakey yellow oxide formed, showing that the oxidation was in
the breakaway region. The results of all heat treated samples are discussed at
the end of this chapter (7.5). '

7.2.1 TEM

7.2.1.1 Coating structure
Cross sectional BF TEM micrographs revealed a change in structure from

the as-deposited sample to the annealed samples in the ‘bulk’ coating (Figure
7-9). After heat treatment at 600°C a fine grained interrupted columnar
microstructure, like in the as-deposited sample, was observed. Figure 7-9

shows also that, after heat treatment at 700 °C, the structure had begun to
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change from one of interrupted columnar growth towards a fully columnar
structure, from base layer to outer layer. After heat treatment for 10h at 800°C
the structure was of columnar appearance, with the columns showing partial
disruption through different orientations in the column. After 10h at 900°C the
structure had a fully columnar appearance, with each column having one
orientation. In Figure 7-10 a selected area diffraction pattern (aperture size
<200nm) was taken showing the uniform (011) orientation of a single column.
The line of brightest spots in the pattern is in the (200) direction.

‘Further diffraction patterns were taken for each heat treatment condition
from the middle of the coating with an aperture of approximately 500 nm in
diameter. An evolution from a typical ring pattern, where the rings were sharp
and well defined, implying that the structure was micro-crystalline, to a spot
pattern occurred. With increasing temperature the DP had a smaller number of
discrete spots indicating fewer crystallites in the aperture area (Figure 7-11).
These findings confirm the observations from the bright field images and are
suitable as a qualitative measure of structural differences in the various
specimens.

With the change in structure an elongation of the void bands along the
column boundaries was noticed. In the as-deposited coating void bands of
450+100nm in length were detected (Figure 7-1). At 700 °C the void bands
connect the coating surface with the stainless steel/ base layer interface, thus
providing a quick diffusion path. These bands increase in length with increasing
temperature. At 700°C the voids extend through the entire film thickness of
2.3um. This creates a fast diffusion path [60] between substrate/ coating
interface and top of the coating surface. No voids were detected at 900°C
(F'igure 7-9). The disappearance of the voids at the 900°C 10h sample might be

caused by grain boundary movement.

7.2.1.2 Coating surface — oxide layer region
From fur}her observation of the BF micrographs in Figure 7-9 uniform oxide

layer formation over the whole surface started at 700°C. The oxide layer
thickness for the 700°C specimen was measured to be 150+10nm, with
230+10nm remaining of the deposited overcoat. After 800°C an oxide layer

between 320 and 380 nm in thickness was observed. The oxide layer grew with

131



Chapter 7 - TIAICrYN with overcoat

at least three different structured regions and only a 50-70nm thin indication of
a remaining overcoat was seen. Breakaway oxidation started after heat
treatment at 900°C. The oxidation process consumed about 1200nm of the
TIAICrYN+Ox film (Figure 7-9 and Figure 7-10).

Annular dark field images with an inner angle of 30mrad were taken from the
oxide layer to show if void formation occurred. This is a region beyond the {420}
ring formed on a DP. In this region the influence of diffraction contrast created
should be minimal [157]. A series of darker regions were observed. The darker
regions are caused by a lack of mass. This could be caused by voids formed in
the oxide layer, due to differences in volume expansion. The formation of voids
within the oxide layer region was observed after heat treatment at 700°C
(Figure 7-12). Of interest is the layered growth of the oxide film, which might be
caused by the deposited nanolayers. Voids were also found in the oxide layer at
800°C between single oxide crystals and the oxide film/ coating region. This
indicates a porous oxide film growth, it is therefore unlikely that the oxide layer

would be stable during cutting operation in this form.

7.2.1.3 Substrate/ base layer region
An interesting side issue was a change in contrast observed in the base

layer region from the as-deposited samples and the heat treated samples. Dark
-field images using the {111}, {200} and {220} ring position (very close together)
showed after heat treatment a darker appearance of the base layer region
(Figure 7-13). The dark field image contained in this case a high amount of
diffraction information because of the position chosen for the aperture. At 600°C
the contrast difference is only very subtle between the base layer and the Y-rich
cdating, but at 700°C, 800°C and 900°C the variation in contrast between those
two areas is clear.

The darker appearance of the base layer in the heat treated sample can be
caused by e_lhseries of effects: A change in diffraction contrast caused by defects
or strain C(;uld alter the appearance of the base layer after heat treatment.
Similarly mass contrast could effect the contrast mechanism in the base layer.

In the case of mass contrast microvoids or micro accumulations of trapped gas
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could cause a change. The contrast change through differences in mass
contrast is supported by the following references:

The deposition parameters chosen, Ts = 450°C and U, = -75V allow the
formation of point defects in the TIAICIN base layer. Point defect formation for
similar parameters was observed by [62] on Tip sAlo.sN. _

A change in stress of the base layer after heat treatment could cause a
change in the contrast of the base layer. A difference in stress after heat
treatment was reported by [89, 90, 92, 129].

It is also possible that under these conditions a small amount of Ar is
trapped in the fcc lattice. It was shown by [169] that Ar incorporation occurs
even at s.mall bias voltages (1at% at —100V bias) in TiN sputter deposited at Ts
= 300°C. The formation of inter granular pores after heat treatment of TiN
~ coatings, deposited using arc ion plating and a substrate temperature of 450°C,

was observed by [171].

7.2.2 EDX point analysis

7.2.2.1 Substrate/ base layer region
Point analysis profiles from the different heat treated specimens were

compared to the as-deposited sample for the base layer region and the coating
surface. Point analysis of Cr (Figure 7-14) and Fe (Figure 7-15) at the base
layer region showed that diffusion from substrate elements into the coating
started to occur at 700°C. Remarkable about this finding is that the diffusion .
profiles looked very unusual with the peak formed at the base layer/ coating
interface. The peak shape at the base layer/ coating interface of the Cr and Fe
line indicated a hampering of the diffusion. In the case of Cr the ~4at% found in
the as-deposited sample increased to over 20at% after 900°C, which is the
same amount found in the SS substrate. The amount of Fe after heat treatment
at 900°C increased to 20at% at the base layer/ coating interface. Beyond the
base Iayerqut% of Cr (2.5at% in the as deposited sample) and 5at% of Fe
were found. The additional amount of Y in the coating seems to be responsible
for hampering the diffusion at the base layer/ coating interface. With increasing

temperature the amount of Y in the coating started to decrease after the base
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layer/ coating interface (Figure 7-16). An increase in Y concentration was noted
for 700°C and 800°C before the base layer/ coating interface. This might be
accumulated Y from the base layer region. The comparison of Al concentration
showed that with increasing temperature the amount of Al dropped from
~52at% in the as-deposited sample to ~31at% at 900°C (Figure 7-17). Beyond
the base layer the curves of the graph are getting “noisier” with rising
temperature. For Ti an increase in fluctuation in the curves was noted, but no
difference in the concentration. A comparison of the counts collected in the X-
ray spectrum energy window from 0.48 to 0.56 (O position) was performed in
Figure 7-18. A problem with these data arises because the Cr_ peak will overlap
the O energy window. The data were the result of the gross integrals in the
above mentioned energy range divided by the sum of counts from all windows.
The O counts increase above 600°C, which would correlate with the observed
void formation at 700°C in the coating. Unfortunately, the N profile shows the
same response (Figure 7-19). The difference in counts is probably an effect of a
variation in excitation volume of the thin film, which can change the background

shape of the single spectrum.

7.2.2.2 Coating surface — oxide layer region
The variations at the substrate surface were investigated by comparing the

concentrations before and after heat treatment. The cross over point between
the N and O line (gross integrals divided by total counts) was taken as a
reference point for the progress of oxidation (Figure 7-20). After annealing at
600°C no variation to the as-deposited profile was observed. A ~50nm shift
towards the substrate was observed at the 700°C sample. After 800°C the
cross over point was ~120nm further in the coating. At 900°C the oxidation
progressed so far, that the cross over point was found at 1025nm from the
substrate/ coating interface. The cross-over point of interest was marked in the
following diagrams. It is interesting to note that in the Al and Ti, the Y, the Cr
and the Fe_diagram the cross over point is at the place were a change in
concentratiéns starts (Al, Ti) or an accumulation occurs (Y, Cr, Fe). In the case
of the latter Y is in the O rich region, whereas Fe and Cr are at the border.

Measurements on the bright field TEM micrographs showed the oxide layer
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starts to grow at ~1100nm from the substrate/ coating interface after heat
treatment for 10h at 900°C (Figure 7-10).

The Al and Ti point analysis showed the same profile for the as-deposited
condition and after annealing for 600°C. After heat treatment at 700°C the Al
curve became slightly erratic in the knee of the curve. Changes in the
compositional profiles of both Al and Ti started to occur at 800°C (Figure 7-21).
Both profiles became erratic, indicating local differences in the Al and Ti
composition existed. An Al enrichment of the surface with a Ti-rich zone below
was observed. At 900°C the profile has no similarity with the as grown sample.
From the TEM images it is known that large oxide crystals have formed. The
changes in the profile occur, therefore, from single particles rather than layers.

The Y profile (Figure 7-22) behaved in a similar way to the Ti and Al profile.
The profile became more erratic at 800°C, and probably revealed the presence
of Y rich particles at 900°C. This would explain the relatively large increase in
the amount of Y (2at%). A comparison with the measurements performed at the
interface/ base layer region suggests an out-diffusion of Y.

The out-diffusion of Cr (Figure 7-23) was indicated by a change in shape of
the Cr peak at 800°C, a sharp spike was formed increasing the Cr content from
45at% to 60at% for a 80nm broad area (total peak width 250nm). In the 900°C
sample the O-rich region exceeded the deposited Cr-rich layer in the overcoat.
Possibly during TEM samplé preparation some of the oxide particles were
abraded. Nevertheless one can state that the remaining unoxidised part of the
coating was 1025nm thick. A very small band of Cr, ~60nm to 70nm broad, was
found at the border between coating and oxide layer. The Cr in this layer is
likely to have diffused from the substrate. '

Comparison of the various Fe profiles (Figure 7-24) showed an increase in
Fe at 800°C and 900°C towards the coating surface. Further comparison with
Cu gained from the same region showed that the Cu line had a similar shape to
the Fe profiles. This indicates that the detected Fe might arise as an artefact
from the ioQ milling process. From the XRD results it is known that FeCr,04
oxides weré detected only at 900°C. This confirms that some of the detected Fe

at 900°C must arise from ion-milled substra’ge material.

135



Chapter 7 - TIAICFYN with overcoat

7.2.3 EDX mapping

7.2.3.1 Substrate/ base layer region
Heat treatment at 600°C for 10h did not change the appearance of the

elemental maps from the as-deposited sample for the base layer region. After
annealing at 700°C for 10h"the intensity in the base layer region in the Cr and
Fe map increased (Figure 7-25). The substrate species Cr and Fe started to
diffuse into the base layer. Especially in the Fe map it was evident, that
diffusion was occurring primarily along the column boundaries. Diffusion of
these elements stopped at the base layer/ Y containing coating border. The
other maps showed no variation in comparison to the as-deposited ones.
However, all the maps show in general on the left side a decrease in infensity
caused by a difference is specimen thickness.

For the sample heat treated at 800°C a series of maps was used to illustrate
the compositional variations that occurred (Figure 7-27). Maps taken after heat
treatment at 800°C at the substrate/ coating interface showed an increased
intensity in Fe and Cr maps mainly along the column boundaries for a distance
of 1000nm up to 1170nm. The total coating thickness of the as-deposited
sample was 2300nm. In the base layer region the substrate elements Cr and Fe
seemed to be in the bulk material as well. It appeared that the substrate
element diffusion in the base layer was tailed back at the coating/ base layer
interface, leading to diffusion into the bulk at the base layer/ coating interface.

Furthermore, at 800°C, Y was detected at the column boundaries along a
distance of 1500nm from the substrate/ coating interface. Presumably, Y would
be found in the whole Y containing part of the coating at the boundaries. A map
from the Y_ and Yk position at higher magnification (1 million) confirmed
unambiguously, that the rise in intensity stemmed from Y (Figure 7-26).

" Al, Ti and N maps showed a decrease in intensity at the column boundaries
(Figure 7-27). The intensity inside the columns was not uniform. In the case of
Al diffusionsinto the substrate was observed, which might indicate the formation
of an AIN precipitate (Figure 7-30). The only elemental map not affected by the

heat treatment was O. This map showed uniform intensity throughout.
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7.2.3.2 Whole coating after 10h at 900°C
Map montages from the 900°C sample showed that substrate elements

diffused to the substrate surface (Figure 7-28). Adjacent to the maps a BF TEM
micrograph from the same area is shown. The Cr map had, for the entire base

layer region an almost uniform intensity, which might mean that all possible '
lattice sites are “filled” with substrate elements. The diffusion of Cr spread in
comparison to Fe over larger area of the columns. A Cr-rich band of ~70nm was
formed on top of the nitride layer inside the O-rich region. Cr was also found to
be present in some of the discrete oxide crystals. The diffusion of Fe is less
severe. The larger size of the Fe in comparison to Cr slowed the diffusion down.
In the sUbsfrate maps (Cr, Fe) a gap was visible at the same position where Al
enrichment is seen in the Al map (Figure 7-29).

An Al and N map together with an EDX-spectra revealed the formation of an
AIN precipitate in the substrate of 150x75nm (Figure 7-30). This suggested that,
at the same time, Fe depletion of the substrate material occurs as AIN
precipitates form. ,

Severe Al depletion in comparison with the Ti map was observed along the
column boundaries (Figure 7-29). The Ti map had an almost equal intensity in
the nitride coating. Again the difference might be attributed to the difference in
size between Al and Ti. The smaller size of Al eases diffusion. In the oxide layer
region both elements show the formation of discrete particles of ~150nm in size
(Figure 7-30). Remarkably, in the Al map in the oxide layer region, is a
decrease in intensity in the area of the Cr-rich band. The N and O map
sectioned the TEM cross section clearly into an oxide layer region and a nitride
region (Figure 7-29). A

The Y map showed no increase in inténsity along the boundaries. Instead
concealed particles of ~40x10nm in size were detected in the oxide layer in the
nearby region of Ti. This suggested that Y started to out-diffuse. The formation
of Y,03 or Y2Ti,O7 particles in TiYN coatings after heat treatment was observed
by [131].

Various EDX spectra were recorded from the Y particles, the Al-rich oxide
and the Ti-rich oxide. The positions where the spectra were recorded were
marked on the elemental maps (Figure 7-31). It shows the formation of TiOx
and AlO,. At the Y particles Y was found together with Ti and Al If the
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formation of an Y.Ti,O7 particle formation is assumed, then the additional Al

might stem from beam spreading or from Al in the third dimension.

7.2.3.3 Coating surface— oxide layer region
For the lower temperatures a series of maps from the overcoat region were

recorded. The 600°C sample showed no change in the elemental maps
recorded from the overcoat region of the as-deposited sample (Figure 7-5, as-
deposited sample). First changes were noticed after heat treatment at 700°C
(Figure 7-32). The O-rich area in the overcoat was interrupted by voids,
although the elemental distribution was similar to the as-deposited sample. The
areas lacking intensity correlate with the observations from the annular DF
images shown in Figure 7-12. Defects and diffusion in the 700°C sample might
lead to void formation. At the column boundary the Al map showed an
increased intensity; in contrast the intensity of the Ti and Cr map is decreased.
At 800°C three distinct regions determined by differences in structure were
visible in the oxide layer in the TEM image and in elemental maps (Figure 7-
33). The outermost layer showed a mixture of equal sized Ti, Al and Cr-rich
areas. The Ti rich particles appeared in slightly higher concentration and closer
to the surface, on average, then other oxides. The second layer was Cr-rich
and has a crystal siZe of ~40nm. In the middle of this layer was a Cr-depleted
band that was noticeable in the Ti and N map, too. The Al map showed no such
behaviour. The drop in Cr intensity was also seen to some extent in the point
analysis profile. The depleted zone was in the region where the N and O maps

suggest the location of the interface between coating and oxidised overcoat.

7.2.4 XRD

Results from glancing angle XRD, at an incident angle of 0.5°, are shown
(Figure 7-34) after heat treatment for 10h at a temperature from 600°C to
900°C. The*as-deposited sample is shown as a comparison. After 10h at 600°C
no obvious change had occurred in the diffraction pattern from the overcoat

region.
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After 10h at 700°C peaks from the rutile form of TiO, (JCPDS 21-1276) and
a solid solution of the isostructural oxides (rhombohedral) Al,O3 (JCPDS 42-
1468) and Cr,03 (JCPDS 38-1479) were observed [94]. The peaks for the solid
solution were between the position corresponding to those of Cr,03 and Al,Os.
Pronounced oxidation started to occur in the sample heat treated at 800°C for
10h. The intensity of the {110} rutile peak increased with increasing temperature
and the peak shape sharpened with increasing temperature, consistent with the
increase in grain size observed in TEM images.

The cbmposition of the Al,03/Cr.0O3 solid solution was determined using
Vegard's law ( Equation 7-1) and tabulated (Table 7-1). The oxide layer
changed from Al;O3 rich (93mol% after 10h at 700°C) to a oxide layer rich in
Cr203 (84mol%) after 10h at 800°C. After prolonged oxidation (10h 900°C) The
composition of the oxide layer was again Al;O3 rich (73%). The {012} peak
contained 73mol% Al,O3 and the {214} peak 81mol%. The precision increases
with increasing angle, hence the composition measured from the {214} peak is

closer to the true composition. The composition was calculated as follows:
Cr203[mol fract.] = (dmkpsol. solut (measured) = Amkyaizos)/ (A cr203 - dipkpaizos)

Equation 7-1

The change in composition of the solid solution was attributed to the
progress of oxidation through the overcoat region (rich in Cr) to the TIAICIrYN
coating containing only a view percent of Cr. At 700°C oxidation occurred only
at the outermost region of the overcoat (low Cr content), which would be an
explanation for the high content of Al,O3 in the solid solution. The observations
made at the constant temperature of 900°C and different times reflect this

observation as well.
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Heat treatment {012} at ~25°26 {024} at ~50°20
600°C 10h --- ---
700°C 10h 7% -
800°C 10h 84% 77%
900°C 10h 27% {214} 19%
1900°C 1h 70% {104} 70%

900°C 5h 77% 72%

Table 7-2: Cr,0O3 content in mol% of the solid solution Al,O3/Cr;03. The values
were calculated using Vegard’s law using the peak positions indicated on top of
the table. Differences in the Cr,O; content between the positions result from the
resolution of the peak (low count rate) and the large number of overlapping
peaks. The XRD patterns were taken at 0.5° incidence angle using a glancing

angle geometry.

In addition to the solid solution and the rutile phase, peaks can be attributed
solely to the single oxides Al,O; and Cr.0Os. Cr,O3 produced a sharp peak
between 30° 26 and 40° 26. This was also observed for Al,O3 when oxidised at
800°C, but the peaks were small. Between 45° and 70°26 Al,O3 and Cr,03 did
not produce a separate peak.

FesO4 (JCPDS 19-629) or FeCr,O, (JCPDS 34-0140) was observed at
900°C indicating that elements from the SS substrate diffused to the coating
surface [94]. The two Fe oxide phases have the same crystal structure (cubic)
and are isomorphous, hence either or both of them can bé present. The
coarsening of the structure observed in the TEM was also noticeable in the
coating peaks in the glancing angle XRD patterns: i.e. with increasing

temperature the coating peaks became sharper.

7.2.4.1 Stress analysis
Stress measurements in glancing angle geometry at an incidence angle of

5°C were performed on heat treated samples up to 800°C. Beyond this
temperature a reliable peak fit was not possible because of the large number of
overlapping reflections from oxides. Against expectations (void formation along

the boundaries at 700°C) an increase in stress was observed from —2.5 GPa for
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the as-deposited sample to —3.6 GPa for the specimen heat treated at 700°C,
before relaxation to —0.85 GPa after heat treatment at 800°C occurred.

Similar behaviour was observed for coatings deposited onto cemented
carbide during annealing in vacuum. It was concluded that the increase in
stress was imposed by the substrate, because the falling lattice parameter and
the diffraction peak width of the coating indicated stress relief [91]. Stress
relaxation at elevated temperatures is associated with either thermally activated
plastic deformation [92] or with recovery due to annihilation of the stress active

defects produced during coating deposition [89, 90, 92].
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7.3 Heat treatment at 900°C as a function of

annealing time

Coated stainless steel samples were annealed at 900°C in air for 1h, 5h and
10h. The 10h specimen was already described in the previous chapter, but will
be still used for comparisons in this section. The heat treatments modified the
shiny bluish dark-grey surface colour of the sample. The interference colour
was an indication of a thin oxide film growth. After annealing for 1h at 900°C the
surface appeared green. Heat treatment for 5h changed the colour into a bluish
tone. Various techniques have been used to study changes in composition and
structure in detail. The results are discussed together with the previous chapter

at the end in section 7.5.

7.3.1 TEM

Examination by TEM of the surface of the heat treated TiAICrYN+Ox coating
showed various stages of oxide layer growth. After heat treatment for 1h and 5h
at 900°C (Figure 7-35) an oxide layer growth of ~230nm and ~950nm was '
observed. In contrast to the as-deposited specimen, the sample heat treated
for 1h at 900°C shows a different structure. In the bright field image the
microstructure of the coating in the base layer/ coating region shows a distinctly
coarser columnar morphology (Figure 7-35) compared to the aé—deposited
specimen (Figure 7-1). After 5h heat treatment (Figure 7-35) the change in
structure is more obvious when compared to the as-received‘ sample.
Measurements on the BF 1h and 5h specimen showed an increase in column
size, using the mean linear intercept method on the BF TEM image, frbm 60 nm
for the 1h specimen to 120 nm for the 5h specimen, with an error of 20%.
These changes in the microstructure are clearer in the DF images where the
highlighted ‘Bright regions of the heat treated specimens are broader and longer
than of the as-deposited sample (Figure 7-36). The main contrast mechanism
stems from crystals diffracting the electron beam. Diffraction patterns of the

middle of the coating were taken using an aperture of ~500nm in size from the
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as-deposited sample and specimens heat treated for 1h, 5h and 10h at 900°C
Figure 7-37. An evolution from a typical ring pattern, where the rings were
sharp and well defined, implying that the structure was micro-crystalline, to a
spot pattern occurred. With increasing time the DP had a smaller number of
discrete spots indicating fewer crystallites in the aperture area. Hence, the
coarsening of the structure occurs with time and temperature.

After annealing for 1h at 900°C, there was clear evidence of additional void
formation at the column boundaries (Figure 7-38). The substrate/ coating
interface region showed the formation of precipitates in the substrate (Figure 7-
39) after annealing for 5h at 900°C.

7.3.2 EDX point analysis

EDX point analysis from the base layer, oxide layer and over boundaries
was performed to record the variations in elemental composition after the heat
treatment. Profiles of the concentration of an element for different heat

treatments have been compared.

7.3.2.1 Substrate/ base layer region
Point analysis at the base layer region of the coating revealed an inward

diffusion of mainly Cr (Figure 7-40) and Fe (Figure 7-41). Similar to the previous
results a decrease in Cr and Fe at the base layer/ coating interface is observed.
After 1h enhanced concentration of Cr was detected as far as 375nm away
from the substrate/ coating interface. After 5h the diffusion of Cr into the coating
was detected for ~800nm. The concentration of Cr, for both the 1h and 5h,
specimen was ~12at% in the base layer region. The concentration of Fe
increased to 5at% for the 1h sample. For the S5h specimen no increase was
measured. The concentration of Y stayed at ~1at% after heat treatment for 1h
and 5h (Figure 7-42). The 10h specimen, in comparison, showed a decrease to
~0.2at%. N"g significant alteration was observed for the Al and Ti concentration

after heat treatment for 1h and 5h.
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7.3.2.2 Observations over boundaries
Additional examination of the grain boundaries of the as-deposited and heat

treated specimen showed an increase of Y at the column boundary region
(Figure 7-43-Figure 7-45). In the as-deposited sample no difference within the
error margin was noticed. For the 1h sample the nominal concentration of Y
increased from 0.9 at % (bulk) to 2.1at% (boundary) and for the 5h sample from -
0.8 at% (bulk) to 2.8 at% (boundary). The size of the electron probe is large
compared with the grain boundary and therefore the actual concentration of Y
at the grain boundary is considerably higher than the nominal 2.1 at % value
measured [172]. This preferential diffusion of Y to the grain boundary is
understandable. The Y atom is large in comparison to Al, Ti and Cr. It distorts
the lattice in as-deposited condition. In the heat-treated sample, the Y diffuses
to the lower energy grain boundary sites, which decreases the distortion in the
bulk TIAICrN lattice. This diffusion is made even more attractive for a reactive
element such as Y with a high affinity for oxygen, due to the easy ingress of

oxygen at the column and grain boundaries.

7.3.2.3 Coating surface — oxide layer region
Point analysis profiles were made from the N and O keV position to compare

the cross over between those lines (Figure 7-46). This should give an indication
for the progress of oxidation. After heat treatment for 1h no change to the as-
deposited sample was observed; in fact the position of the cross over point was
25nm further outside. After 5h the cross over point moved 200nm further into
the coating. This is small considering that, after 10h at 900°C, the cross over
point was located 1250nm away from the coating surface. This is a further
demonstration of the increased oxidation resistance of the oxynitride
TiAIYN/CrN nanolayer structured overcoat.

Measurements from Al and Ti (Figure 7-47), similar to the Tip.44Alo.54Cro.02N
coating, showed no bi-layer formation. Instead, an out-diffusion of both Al and
Ti was observed after 1h. After 5h the curve showed a high fluctuation, which
was explairied by the presence of discrete oxide particles [177].

Figure 7-48 shows a clear step for Cr in the compositional profile after 1h at
900°C. After longer heat treatment at 900°C (5h) the Cr had clearly started to

out-diffuse to the surface.
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The Y profile (Figure 7-49) showed a similar behaviour to Al and Ti. Large
fluctuations in the Y content were observed after annealing for 5h at 900°C,

which indicated the presence of discrete YOy particles.

7.3.3 EDX mapping

7.3.3.1 Substrate/ base layer region
Elemental maps were recorded from the base layer and the surface region

of the coatings after annealing for 1h and 5h at 900°C. After annealing for 1h at
900°C diffusion of Cr and Fe into the base layer region was observed (Figure 7-
50), similar to the “original” TIAICrYN coating (Figure 6-9). The difference in the
Fe map is very weak, indicating only a slight increase of Fe in the base layer,
which is in agreement with the point analyses. The base layer region is visible
in the Y map were the intensity decreases in the base layer region. Other
elemental maps, Al, Ti, and O, showed no variation in intensity compared with

the maps recorded from the as-deposited specimen (Figure 7-4).

- 7.3.3.2 Coating surface — oxide layer region ,
The surface of the coating was analysed after 1h and 5h at 900°C.

Elemental maps reCorded after the heat treatment show that the structure is
rather complicated and disruption of the layered growth starts to occur after 1h
(Figure 7-51). The region adjacent to the nitride coating consists of a mixture of
Ti-rich, Al-rich and Cr-rich crystals of 10 + 5nm in diameter. The structure of the
outermost layer is coarser and voided with a crystal size of 50 + 15nm.

In the 5h specimen, layers rich in each element, Al, Ti, Cr, are visible (Figure
7-52). A BF TEM image is shown next to the maps taken from the same area.
Closest to the coating is a Ti-rich layer, then a Al + Cr-rich layer and, finally, a
Cr-rich layer. The outermost oxides are large crystals containing Ti, Al and Cr
with typical,diameters of 200 nm + 50 nm. Elemental maps indicate that the
large crystals consist of a mixed Cr/Al oxide and Ti oxide. This is in consistent
with XRD analysis presented in (7.3.4). Y particles of approximately 10nm in
size are detectable behind the 70nm Cr-band in the Ti-rich region (Figure 7-53).

Pores are also observed in the Ti-rich layer. The pores increase in size towards
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the scale/air interface. Disruption in the outermost oxide layer is clearly visible
in elemental maps in Figure 7-54. It shows also the presence of Al, Cr and O at
the same locations, suggesting a crystal formed from these elements.
Furthermore, it can be clearly seen that Ti-rich and Al,Cr-rich particles are

discrete.

7.3.4 XRD

A glancing angle X-ray diffraction pattern from TiAICrYN with and without
overcoat after heat treatment for 1h at 900°C is shown in Figure 7-56. The
comparison shows, that peaks stemming from the coating (labelled with a C)
are visible for the coating with overcoat, but not for the one without. This
indicates that a thicker oxide layer has grown on the coating without the

oxynitride overcoat.

The amount of TiO, is higher for the coating without overcoat. The
reflections from the solid solution were compared between the two coatings.
The {012} and the {104} reflections were used for the calculation in the case of
TIAICrYN. The results for the Y coating with overcoat are presented in Table 7-
2. In the case of the ‘original’ TIAICrYN the Cr,O3 content is 28 mol%, whereas
70 mol% Cr,03 were found in TIAICrYN+Ox. The higher Cr content of the
results clearly from the additional amount deposited in the overcoat region. The
Cr content found for the ‘original’ TIAICIYN coéting is reflected in the elemental
- maps presented in Figure 6-6.
| Measurements in glancing angle geometry at 0.5° incident angle from
specimens heat treated for 1h and 5h at 900°C in comparison to the as-
deposited coating are plotted in Figure 7-57. Glancing angle X-ray diffraction
has been used to support the EDX results and to identify the phases formed
after annealing. After heat treatment for 1h some reflections stemmed from the
coating, indicating that the oxide layer has a thickness of about 200nm. After
annealing for 5h only peaks from oxides could be identified. After heat
treatment the formation of an isostructural solid solution of Al;03/Cr203

(rhombohedral) was observed together with TiO, (rutile). This is consistent with
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the observations in the elemental maps. The composition of the solid solution,
assuming Vegard's law is obeyed, was calculated and presented in Table 7-2.
~ The miscibility of Al,O3 and Cr,O3; was mentioned in 1962 by [80] and reported
in [29] for oxidation of a CrAIN PVD coating. Furthermore, it is noticeable that
the {110} TiO; rutile peak is sharper in its appearance in the 5h sample than in
the 1h sample, which is consistent with the increase in crystallite size of the
rutile phase observed in the TEM.

7.3.4.1 Stress analysis
To determine the stress inherent in the coating before and after heat

treatment an asymmetric Bragg-Brentano scan using the {422} reflection was
used. The glancing angle diffraction method used in the other investigations
'"Was not available at that time. The stress changed from -4GPa, for the as-
deposited sample, to -2GPa after 1h annealing at 900°C (Figure 7-55). The
relative low temperature of the deposition process (450°C) and the bias voltage
(-75V bias) induces a range of defects into the coating [62]. Stress relaxation at
elevated temperatures is associated with either thermally activated plastic
deformation or with recovery due to annihilation of the stress active defects

produced during coating [89, 90, 92].
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7.4 TiAICrYN+Ox deposited on cemented carbide

The TIAICrYN+Ox coating is mostly deposited onto cemented carbide ball
nosed end mills. In Chapter 4 it was shown that the CC substrate material
oxidises at lower temperatures than M2 high-speed steel or SS 304 stainless
steel. This caused the local formation of substrate oxides (CoWO,) at the
coating surface at a temperature of 700°C. It is therefore interesting to see the
effects of heat treatment in a TEM cross section of TIAICrYN+Ox deposited
onto CC.

741 TEM

Figure 7-58 shows a bright field micrograph of the whole coating. Interesting
are two pinholes formed by a pore in the cemented carbide substrate and a
crack visible in the coating. The crack was most likely produced during the
sample preparation. Also, parts. of the coating detached during the final
polishing stages. This indicates that the adhesion of TIAICrYN+Ox on cemented
carbide is less than on stainless steel. The coating shows along some columns
the transformation of fine interrupted columnar growth to columnar growth.
Voids were found along the column boundaries (Figure 7-58b) similar to the
coating deposited onto SS 304 and heat treated for th at 900°C. The oxide -
layer thickness is 200-350nm in thickness, which is similar to the oxide layer
thickness measured for TIAICFYN+Ox on SS 304. Furthermore, the base layer
has a brighter appearance than the Y-rich coating, which was not observed
before. A micrograph at higher magnification showed a mottled appearance of
the base layer region (Figure 7-58c). This might indicate the presence of voids
in the base layer region, or the accumulation of low atomic number elements

due to the heat treatment.
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7.4.2 EDX point analysis

Point analysis perpendicular through the substrate/ base layer region
showed a concentration up to 8at% for Co and for W up to 2.5at% in the base
layer (Figure 7-59). An increase of W was only measured in the first 50nm of
the base layer region, whereas an increase Co concentration was found in the

whole base layer region.

7.4.3 EDX mapping |

Elemental maps gained from the base layer region of tﬁe specimen after
heat treatment show diffusion of Co into the base layer region in a similar
manner to the observed Cr and Fe diffusion on stainless steel (Figure 7-60).
The fluctuation in the Co concentration (point analysis) can be explained by the
variation in intensity observed in the Co map. W diffusion was not detected. The
W ion is a far larger ion than Cr, Fe and Y. The diffusion is therefore slowed
down considerably, considering that in the case of Cr ahd Fe (larger than Cr) a |
significant difference in diffusion speed was observed. The maps obtained from
the coating elements (Al, Ti, Cr and YK) show the same response as on the

stainless steel specimen.

74.4 XRD

X-ray diffraction in glancing angle geometry from the as-deposited and heat
treated coating were performed using an incidencé angle of 0.5°. The spectra of
the as-deposited TIAICrYN+Ox is shown in (Figure 7-2a). Figure 7-61 shows
the reflections after heat treatment for 1h at 900°C. The presence of TiO2
(JCPDS 21-1276) and oxides from the substrate material CoWOs3 (JCPDS 15-
0867), WO': (JCPDS 20-1323), and CoO; (JCPDS 42-1467) were identified
[94]. Many of the reflections of the cobalt and tungsten oxides overlap both with
each other, and reflections from the Al,O3; and Cr,O3 solid solution and the

coating (Figure 7-61).

149



Chapter 7 - TIAICrYN with overcoat

In comparison with previous results (stainless steel) it is obvious that almost
no reflections of the coating are found in the heat treated specimen. TEM
micrographs have shown that the oxide layer thickness is comparable to that |
formed on the coating deposited onto stainless steel and out-diffusion of Co
was detected only to the base layer/ coating interface. SEM investigations
showed the formation of large (1um) tungsten and cobalt rich particles on the
coating surface (see Chapter 4) indicating that the tungsten and cobalt oxide
peaks are generated from oxides formed through defects. Either W might
oxidise at the substrate through O diffusing through pinholes or defecfs, or
alternatively W might diffuse through pinholes or defects. The volume
expansion of the W oxides formed (38% increase in volume) leads to the

formation of relative large oxides at the coating surface.

7.5 Discussion

The addition of a nanolayered oxynitride overcoat to the ‘original’ TIAICTrYN
has a beneficial effect on the mechanical [145] and on the oxidation behaviour.
This was shown by the following investigations:

A reduction in weight gain for the TIAICTYN coating with overcoat compared
to the ‘original’ TIAICIYN coating was observed using TG. This improvement
resulted from the Cr-rich interlayer in the oxynitride overcoat. Previous
investigations on TiAIN/CrN nanolayers showed the positive effect of Cr [21].
Saturation of the reaction process occurring in the TG was not observed. This
fits to the observations made using TEM. The micrographs show that even after
10h at 900°C the coating was not fully oxidised. Additionally, the substrate
material reacts during the heat treatment.

TEM, EDX point analysis and mapping showed the growth of the oxide layer
was hampered by the overcoat. EDX point analysis indicated through a small
shift, ~50nm after 1h at 900°C and ~100nm after 10h at 800°C, in the cross
over point of N and O, that the oxynitride TiAIYN/CrN overcoat provides an
enhanced oxidation resistance.

EDX mapping revealed the disruption of the oxide bi-layer observed for the
‘original’ TIAICrYN cbating. The disruption of the oxide bi-layer formation

observed for the ‘original’ TIAICTYN and the enhanced oxidation resistance can

150



Chapter 7 - TIAICrYN with overcoat

be explained with reference to the following observations on CrAIN by [29]. It
was stated, that in CrAIN coatings Al oxidises initially, because it has a more
negative free energy of formation. However, because the diffusion rate of Cr is
higher than that of Al an increase in Cr content in the oxide layer was achieved
in a second stage. This in turn hampered the outward diffusion of Al. Al was
found to reduce the growth rate of the outer Cr-rich layer.

" The formation of oxides was seen as beneficial from [142] to reduce the
friction coefficient. This supports the beneficial effects that an oxynitride layer

topcoat would have when brought into tribological contact

An explanation for the increased oxidation resistance in the Y-containing
coating was the increase in diffusion paths, due to disrupted columnar growth
during deposition [33]. However, this disruption clearly disappears with heat
treatment of the hard coating as was shown by varioué temperatures and times.
Thus, this coating structure can have, such a positive effect only for
temperatures below 700°C and 10h or below 900°C for 1h.

After heat treatment a coarsening of the fine grained coating structure was
observed. This means the fine grained coating structure created during
deposition using an additional TiAlY target is superimposed over the columnar
growth structure of the coatings (e.g. TIiAICTN). Due to grain growth and void
formation it is possible to see the columnar nature of the coating again.
Recrystallisation behaviour in sputter deposited TiBxN, and TiBxC, coatings
after heat treatment was reported by [173]. It was also shown that it is possible
to increase the onset point of rapid oxidation by refining the grain structure of

the coating.

A loss of the Al,Os / TiO. bi-layer structure observed for TIAICIN and
TIAICrYN [33] was seen for the TiAICrYN+Ox coating. An important factor
causing disruption in the oxide layer and void formation is the difference in unit
cell volumes of the different oxides formed (Table 7-3). The ratio between the
molecular Volume of the oxide and the nitride is a measure of the disruption
resulting from stress creation caused by the oxide layer formation. This is
especially the case when the values differ significantly from that of unity. In the

case of high volume ratios, porosity created by stresses is to be expected. This
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rule might be less significant in the case of outward migrating species [80]
(p.14, 96).

TiosAlosN [ TiO2 | Al;0; | Cr203
Volume [cm”] 11 18.8 | 25.6 29
® 1 171 | 116 | 1.32

Table 7-3: Unit cell volumes and unit cell volume ratios (¢) of various oxides in
comparison to TiAIN. The ratio ¢ is calculated with regard of the amount of
metal atoms, e.g. Al,O3 has 2 Al atoms hence the TiAIN value has been
’ doubled. All unit cell volumes are from [11] and [80].

Stress relaxation in the hard coatings was observed after heat treatment for
1h at 900°C and after 10 at 800°C. Residual stresses in PVD coatings are
generated by defects formed during the deposition process. Thus, stress
relaxation at elevated temperatures is associated with either thermally activated
plastic deformation [92] or with recovery, due to annihilation of the stress active
defects produced during coating [89, 90, 92]. A reduction in stress leads to a

reduction in hardness as was shown in [21; 130].

The disappearance of voids in the 10h 900°C specimen along the column
boundaries is also interesting. The investigations have shown that a heat
treatment at this temperature led to a significant stress (elaxation, which might
explain why no voids were detected after 10h heat treatment at 900°C in the BF
TEM image. Another hypothesis is that the voids do not exist because all
available space is blocked through diffusing species.

In earlier investigations by [32] and [33] the positive effect of Y onto the
oxidation behaviour of TIAICTN was shown. It was proposed that Y. segregated
at the grain boundaries is responsible for the improved oxidation behaviour.

EDX péTnt analysis and elemental mapping helped to refine the knowledge
of migration of Y in the coating at various times and temperatures. Y was clearly
identified at the column boundaries after heat treatment at 1th at 900°C and

after 10h at 800°C. The elemental maps and the point analysis showed at the
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same time that substrate species are diffusing into the coating and in turn
precipitates are formed in the substrate. It can be assumed that Y reduces the
rate of inward diffusion of O by the formation of an Y oxide. The importance of Y
incorporation could clearly be observed at the base layer/ Y-rich coating
interface, where the diffusion was blocked by the presence of Y. This effect of Y
was suggested by [33]. A gettering effect of Y (e.g. of O) was found by [133] for
TiN PVD coatings where Y. was used as an interlayer between the coating and
the substrate. He reported an improved adhesion through the Y interlayer.
Improved adhesion of TiN on mild steel through an Y interlayer was also
reported by [174].

The accumulation of Y between the Al-rich and Ti-rich sublayers after heat
treatment for 1h at 950°C was found by [33]. Elemental mapping showed that Y
or Y Me,O, particles had formed in the oxide layer after heat treatment for 1h at
900°C. To confirm the presence of any specific oxide as e.g. Y2Ti;O7 found by
[131] was not achieved. However, the particles seemed to be in close proximity
to TiO, crystals. This observation is in agreement with XPS analysis which
found that in the Ti and Al-rich regions of the oxide layer Y segregated to the Ti
sites. Analysis of the Y 3d core level identified one chemical species in the
oxidised film at Y 3d 158 eV [129]. Identification by XRD was probably not

possible due to the low volume fraction of the Y oxides present.

Some comparison to the observed beneficial effects of Y in MeCrAlY alloys
is made, because it is a well researched field. The main observed protection
mechanism of Y in these alloys is segregation along grain boundaries, a
reduction in oxide layer thickness, grain refinement of the oxide layer and
“pegging” of the oxide layer, which leads to better oxide adhesion. The
formation of oxide pegs, is one way of improving the adherence of the coating
[141]. Depending on the scale formed, Al,O3 or Cr,03, the effects vary.
However, the actual operating mechanism of Y is still under discussion [136,
137, 139]. From all those results the segregation of Y to the boundaries was
observed. ‘In comparison with TiAICIN the oxide layer thickness decreased
considerably after the incorporation of Y; oxide pegs, however were not

observed.
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The temperature at the cutting edge of coated end mills cutting A2 die steel
at 'a speed of 380m min™ was ~880°C [23]. This temperature is high enough to

initiate the above described mechanism to occur.

7.6 Summary -

The development of the oxide layer at different temperatures and at 900°C
for different periods was investigated. At the same time the coating structure
and the interface integrity was examined. The addition of an oxynitride overcoat
rich in Cr increased the oxidation resistance and thevtribological properties in
comparison to the ‘original’ TIAICTYN coating [145]. However, in comparison to
TiAICIN and TIiAICrYN the observed oxide layer (~230nm) does not form a bi-
layer after annealing for 1h at 900°C. Instead, the oxide layer consisted out of a
crystal mix out of Al,Os, Cr03 and TiO, on top of the remaining Cr-rich
overcoat region.

The coating structure changed gradually form one of fine grained interrupted
columnar growth to a columnar growth structure after heat treatment for 10h at
900°C in air and after heat treatment at 900°C at various times. Voids
connecting the substrate and the coating surface formed along the column -
boundaries after heat treatment for 10h at 700°C and after heat treatment for 1h
at 900°C. However, the interface integrity was preserved by the additional
amount of Y in the coating, in the same way as observed for the original
TIAICIYN coating after 1h at 900°C. A diffusion zone of ~650nm was measured
from the substrate/ coating interface.

Heat treatment of TIAICrYN+Ox deposited onto cemented carbide revealed
the diffusion of Co into the base layer region (250nm) mainly along the column
boundaries. The diffusion of W was not observed after annealing for 1h at
900°C along the column boundaries using EDX mapping. The diffusion of W
must mainly occur through the pinholes and defects to the coating surface.

STEM < elemental mapping was seen as a powerful tool to show different
concentration occurring on a small scale. Additionally information about the
speed of diffusion was gained, e.g. it was clearly seen that Cr diffuses faster
than Fe.
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7.7 Figures

Overcoat
TIAICrYN
Base Layer
Substrate [

Figure 7-1: a) XTEM bright field image of TIAICrYN+Ox in as-deposited

condition. b) Magnified section of a) showing voids
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Figure 7-2: a) Glancing angle XRD with fixed incidence angle of 0.5° of
TIAICrYN in as-deposited condition. b) Low angle XRD from TiAICrYN+Ox and
TIAICrYN.
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Figure 7-3: EDX point analysis perpendicular through the as-deposited XTEM

sample.
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Figure 7-4: Elemental maps from the base layer region of as-deposited
TIAICrYN+Ox.

Figure 7-5: Elemental maps from the overcoat region of an as-deposited
TiAICrYN+Ox coating.
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Figure 7-6: Continuous TG measurement on TIiAICrYN with and without

overcoat and the substrate material.

7
E __,..-——-""-
we SS 304
.E L T _ e . it
g TIAICrN
g4 L TIAIGRYN
o i S IS e A cnnini R — A
3 P
I R S A A —— TIAICTYN+OX ...
1 I Y S S e S S S
0 I I I I 1 I I 1 T
o 1. 2 3 4 5 6 7 8 9 10
time [h]

Figure 7-7: Isothermal TG measurements at 900°C.
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Figure 7-9: TEM BF images from TiAICrYN+Ox specimens heat treated for 10h
at various temperatures
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Selected area DP
from indicated
column

Figure 7-10: Selected area DP from TiAICrYN+Ox heat treated for 10h at
900°C.
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Figure 7-11: DP taken from the middle of heat treated samples after 10h at the
indicated temperature.
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Figure 7-12: Annular dark field images of the oxide layer grown on
TiAICrYN+Ox after 10h at the indicated temperatures.

164



Chapter 7 - TIAICrYN with overcoat

Ax
EO
“— e 4
ogz
(72 ]
S N T
52
<t
E&F
— S
® 5 ©
= . =
x 2 O
8oD>
aos 2

Figure 7-13: DF TEM of TiIAICrYN+Ox base layer after heat treatment for 10h
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Figure 7-14: Cr content in the base layer of TIAICrYN+Ox at various
temperatures
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Figure 7-15: Fe content in the base layer of TIAICrYN+Ox at various
temperatures
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Figure 7-16: Y content in the base layer of TIAICrYN+Ox at various
temperatures
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Figure 7-17: Al content in the base layer of TIAICrYN+Ox at various
temperatures
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Figure 7-18: O content in the base layer of TIAICrYN+Ox at various
temperatures
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Figure 7-19: N content in the base layer of TIAICrYN+Ox at various
temperatures

168




N and O at the coating surface

- - 4 - -N, as-deposited —— O,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>