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Department of Physics
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Abstract

This thesis contains studies of topics of relevance to increase the understanding of TiN and
TiAIN coatings synthesized by chemical vapour deposition (CVD) and low pressure CVD
(LPCVD), respectively. This work contains two parts: (i) nanolamella LPCVD TiAIN coatings
that were found to show a spatial variation of their chemical composition and microstructure,
which was influenced by the gas flow speed of reactants; (ii) microstructure of CVD TiN
coating deposited onto a CoCrFeNi multi-principal element alloy (MPEA)substrate.

Depositing homogeneous TiAIN coatings on cutting tool inserts to achieve extraordinary
mechanical performance and good chemical stability remains a challenging task. In this work,
the detailed microstructure of high-Al cubic Tii.,AliN coatings (average x = 0.8) made by
LPCVD was studied by state-of-the-art electron microscopy. A periodic structure with Ti-rich
and Al-rich nanolamellae was found. Ti enrichment appears at high gas flow rate, which is
suggested to be due to the increase of mass transport of certain reactants. However, the higher
mass transport does not influence the Al-deposition much, as it is mainly limited by surface
kinetics. A co-growth of h-AIN and TiAIN was investigated by electron microscopy, which
showed that the h-AIN prefers to form on the Ti-rich cubic phase following a specific
crystallographic orientation relationship: [110]cub // [2110]nex, and (001 )cub // (0001 )hex. This can
be explained by a low interface energy between the h-AIN and Ti-rich cubic phase according
to density functional theory (DFT) modelling. The microstructural inhomogeneity of TiAIN
coatings can therefore be explained by the co-growth of the h-AIN phase with the Ti-rich cubic
phase, which is caused by a fast gas flow.

An electron microscopy study was done on the microstructure of TiN coatings grown on a
CoCrFeNi MPEA substrate. The MPEA shows a good capability of serving as a CVD substrate.
No severe etching of the substrate was found, and the growth of TiN was not disturbed by the
substrate material. However, grain boundary diffusion of Cr into the TiN coating was revealed
by analytical electron microscopy.
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1 Introduction

This thesis is mainly concerned with topics of relevance for developing the understanding of
the microstructure of TiN and TiAIN hard coatings produced by chemical vapour deposition
(CVD). These coatings have been widely used to increase the wear resistance of cemented
carbide tools in the cutting tool industry. However, much research remains to fully understand
the growth mechanism and microstructural details of these CVD coatings. This study mainly
consists of two topics: (i) the gas flow effect on the microstructural inhomogeneity of TiAIN
coatings; (ii) the microstructure of TiN coatings deposited on a CoCrFeNi multi-principal

elemental alloy (MPEA) substrate.

1.1 Background of wear resistant coatings

Depending on the large variety of workpiece materials to be machined and correspondingly
different cutting conditions, a wide range of hard materials has been developed since the 1970’s
to coat cutting tools, usually based on cemented carbides (WC-Co based hard materials) [1].
The extreme conditions during cutting operations include high-temperatures (exceeding 1000
°C), and high-pressure loads. The extreme machining conditions therefore require superior
properties of the hard coating materials, including extraordinary hot hardness (hardness at high
temperatures), oxidation resistance, adhesion to the substrate material and chemical stability.
The hardness is one of the most essential property that influences the mechanical performance
of coatings. Approximate hardness values of typical coating phases are presented in Fig. 1.1.
The diamond coating exhibits the highest hardness [2]. However, the application of CVD
diamond coating is limited by its inferior adhesion to the cemented carbide substrate, which is
caused by the significant residual stress formed during the CVD process [3]. In addition, the
wear performance of diamond coatings is influenced by dissolution of carbon from the coating
into many workpiece materials (such as steels). Therefore, the most frequently used hard CVD

coating materials are Al,Os, TiN, TiAIN, and TiCN [4-7].

1.2 Analytical electron microscopy

This research is concerned with microstructural characterization of hard coating materials.
Analytical electron microscopy, combining imaging with X-ray energy dispersive spectrometry
(XEDS) and electron energy loss spectroscopy (EELS), enables microstructural investigations

with high spatial resolution, providing both crystallographic and chemical information. Since
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analytical scanning/transmission electron microscopy (STEM/TEM) is a central part of this
thesis, details of the techniques and the corresponding applications will be described in the

chapters below.

100
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20

h-AIN wC Al Oy TiN TiAIN TiCN ¢-BN Diamond

Figure 1.1. Hardness of various coating materials. Values for h-AIN [8,9], WC [10], sapphire
(a-AlxO3) [11], TiN [12,13], TiAIN [12,13], TiCN [6], c-BN [14], and diamond [2] coatings

are shown.

1.3 Scope of the thesis

This thesis is mainly concerned with TiN and TiAIN hard coatings synthesized by CVD. The
CVD TiAIN coatings exhibit a noticeable inhomogeneity, which is shown to be influenced by
the local gas flow rate of precursor molecules, and influences the cutting performance of the
cutting tools. Therefore, correlations between the coating microstructure and the local gas flow
rate were studied. In paper I, the focus is on relating the CVD gas flow to the detailed
microstructural inhomogeneities of the TiAIN coatings containing a fascinating nanolamella
structure. Microstructural inhomogeneities caused by local gas flow variations are described in
detail. The co-growth of the hexagonal AIN (h-AIN) phase with the nanolamella TiAIN is
further explored by density functional theory (DFT) simulations. CoCrFeNi MPEA show
prominent mechanical properties, where future application possibilities could be broadened
through coating with hard wear resistant materials. Therefore, the capability of coating
CoCrFeNi substrates by CVD at high temperature and corrosive environment needs to be
evaluated. In paper II, the microstructure of TiN coatings deposited on a CoCrFeNi MPEA
substrate is studied. The etching effect on the substrate and the diffusion of the substrate

elements through coating grain boundaries are investigated by analytical STEM.
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2 Chemical vapour deposition

2.1 Basic principles

Chemical vapour deposition (CVD) is an important technology for synthesizing wear resistant
protective thin films on cutting tools with good adhesion [15-24]. CVD has been intensively
used to produce various metals, non-metallic element materials, oxides, nitrides and carbides
[25]. In CVD synthesis, gaseous precursors, usually metal halides with reducing agents, react
at high temperature to form a solid phase. CVD reactions can happen homogeneously in the gas
phase and form particles that fall down onto the substrate, which yields inferior coatings with
porosity and poor adhesion to the substrate. Ideally, precursors should react heterogeneously at
the substrate surface to form coatings with good qualities. The undesired homogeneous
nucleation in CVD can be avoided by heating the coating substrate, and choosing reactant
species that exhibit strong chemisorption to the substrate and need thermal activation to react
[26]. The growth of CVD coatings is governed by thermodynamics that controls the driving
forces of the chemical reactions, and by reaction kinetics that determines the coating growth

rate.

Most of the CVD synthesis processes involve endothermic chemical reactions that need energy
input to be activated. There are several approaches for activating the reactivity of the gaseous
reactants and lowering the reaction temperatures. The activation energy can be lowered by
exciting the gaseous precursors with a plasma to create reactive intermediate products, called
plasma enhanced CVD (PECVD) [27]. The substrate surface is heated locally by a laser beam
to activate the surface reaction in laser assisted CVD (LACVD) [28]. LACVD is also applied
to stimulate the gaseous precursors to excited states by illuminating with characteristic light
wavelengths, which lowers the decomposition energy of reactant chemicals and thus the
deposition reaction temperature. Another approach is thermally activated CVD (TACVD),
which is implemented by heating the entire chamber (hot wall CVD), heating the substrate (cold
wall CVD), or activating the gas phase through a heating filament (hot filament CVD). The
coating samples investigated in this work were prepared in an industrial scale hot wall CVD
reactor at Walter AG in Germany, and in an industrial scale reactor at Sandvik Coromant in

Sweden.

The kinematic CVD process includes several events happening in sequence (and in parallel)

[25,29], as graphically illustrated in Fig. 2.1. The gaseous reactant molecules are transported
3



towards the substrate to be deposited by the main gas stream in the reactor. The reactant
molecules diffuse through a stagnant layer, which is formed by the gas flowing above the
substrate surface [25]. The reactant molecules get adsorbed/dissociated on the substrate surface,
where the binding strength influences the mobilities of the molecules on the surface. Reactant
molecules diffuse on the surface to find sites with steps and kinks that form more stable bonds
with the molecules. The surface reaction of reactant molecules forms a deposited solid phase,
where byproduct molecules are created. The byproducts get desorbed and diffuse away from
the surface through the stagnant layer, and are transported away from the deposited area by the

gaseous flow.

Reactants flow Byproducts flow

¢ S8
/

Diffusion

& Diffusion ¢
Stagnant layer / Stagnant layer

Byproducts desorption &

v ‘ Adsorption/dissociation —  Surface reaction ..‘... v

vvvvvvvvvv

Substrate

Figure 2.1. Schematics of the sequence of events during a CVD process.

However, stable coating growth is not always obtained due to the complexity of the CVD
process. The surface reaction and deposition rates are influenced by several factors, including
types of the precursor species, deposition temperature, and mass transport rate. To obtain a
stable, predictable coating growth, it is therefore essential to understand the kinetics of the CVD

process.

2.2 CVD coating growth rate

The deposition rate is mainly controlled by the mass transport of reactants through the stagnant

layer by diffusion, and the surface reaction kinetics of the reactants. The CVD coating growth



rate v (ms™!) can be analyzed by a reactants diffusion - surface reaction balancing model [30,31],

according to:

ks hg Cg
p=—00c ¢

= 2.1

where k; is the surface reaction rate (ms™), /g is the mass transfer coefficient (ms™), Cg is the
concentration of the species in the gaseous phase in terms of number of atoms (m™), and N is

the number of atoms of the species per unit volume in the solid film (m™).

If the surface reaction rate is much lower than the mass transport rate (ks < hg), the CVD
reaction is within the surface reaction control regime, and the deposition rate is mainly limited

by the surface reaction rate k;. Equation (2.1) becomes:

Vs = ksﬁ (22)

If the surface reaction rate is much higher than the mass transport rate (ks > hg), the CVD
reaction is within the mass transport control regime, and the deposition rate is mainly limited

by the mass transfer coefficient 4. Equation (2.1) becomes:

Vg = hgﬁ (23)

Equation (2.3) can be reformulated according to fluid dynamic theory [32], to be:
C
vg & —Dg(up)'/? (2.4)

where D¢ (m?s™!) is the diffusivity of the gas molecules, u is the gas flow speed (ms™), and p is
the gas density (kg m™). According to equation (2.4), the coating growth rate of the mass
transport controlled deposition increases with higher precursor diffusivity, higher gas density

and faster gas flow.

2.3 Low pressure chemical vapour deposition

Low pressure CVD (LPCVD) is a commonly used CVD technique that applies low pressures

(tens to thousands of Pa) of the gaseous precursors, which is much lower compared to that (1
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atm = 101325 Pa) of the atmospheric pressure CVD (APCVD). The lowered pressure in
LPCVD is mainly to reduce the mass transport rate of reacting chemicals. According to
equation (2.4), the rate of CVD deposition limited by the mass transport decreases with lower
gas flow speed and lower density of gaseous precursors. A low-pressure gaseous environment
in LPCVD thus provides lower gas densities and therefore suppresses the mass transport
through stagnant layer diffusion. In addition, LPCVD decreases the dependence on the gas flow
velocity, which helps to deposit films showing better uniformity and homogeneity. However, a
disadvantage of LPCVD can be low coating growth rates. The CVD growth of TiAIN coatings
is very flow dependent, where too high gas flow rate was found to cause microstructural
inhomogeneities. Therefore, LPCVD with relatively low flow rates are used for depositing
TiAIN coatings. The deposition of TiN coating is less flow dependent, and CVD processes with

higher partial pressures of reactants can be used.

Paper I describes TiAIN coatings that were deposited by LPCVD in an industrial scale CVD
equipment at 700 °C, and a pressure below 25 mbar (2500 Pa), where gaseous precursors AlCl3,
TiCls, NH3 were supplied rotationally. Paper II deals with TiN coatings that were deposited in
an industrial scale hot wall CVD reactor at 850 °C, 900 °C, and 950 °C using TiCls and H»
precursors with a pressure of 400 mbar (40000 Pa).



3 Hard coating materials

To meet the demands of high temperatures and pressures during cutting operations, wear-
resistant hard coatings are usually composed of several layers of different phases. Common
hard CVD coating phases include TiC, TiN, TiCN, TiAIN, a-AlOs;, and k-AlOs. The
mechanical performance can be tuned by designing the texture and microstructure of the
coatings. The study in this thesis is focused on the CVD TiN and TiAIN hard coatings. One
example of a cross section image of a CVD TiN-TiAIN-TiN multi-layered coating deposited

on a cemented carbide (WC/Co) substrate is shown in Fig. 3.1.

NP

e Y o )

Figure 3.1. Cross section micrograph of a CVD TiN-TiAIN-TiN multi-layered coating
deposited onto a cemented carbide substrate. The image was acquired using a scanning electron

microscope.

3.1 Titanium nitride

TiN is a refractory material with face centered cubic (FCC) NaCl crystal structure, as shown in
Fig. 3.2 (a). The lattice parameter of TiN is 4.24 A. TiN has been widely used in various
applications, such as diffusion barriers [33], corrosion protective layers [5], and wear-resistant
coatings [34], due to its superior hardness, thermal stability, corrosion and wear resistance. TiN
coatings can be synthesized by both Physical vapour deposition (PVD) [35,36] and CVD [37].
In papers I and II, TiN was deposited onto cemented carbide and multi-element alloy substrates,
by CVD using TiCl4, N2 and H» as precursor and carrier gases, based on the following reaction

[37]:

2 TiCls (g) + N2 (g) + 4 Ha (g) - 2 TiN (s) + 8 HCI (g)



TiN exhibits good adhesion to a cemented carbide substrate. Therefore, TiN is commonly
deposited as an intermediate layer prior to the deposition of TiCN and TiAIN coatings. In paper
I1, the capability of coating TiN using CVD onto a CoCrFeNi MPEA substrate is evaluated,
and grain boundary diffusion of substrate elements into the TiN coating is analyzed. However,
TiN coatings exhibit less prominent oxidation resistance, where oxidation starts from 550 °C,

which is much lower than that of the cutting operation environment [12].

3.2 Titanium aluminium nitride

As shown in Fig. 3.2 (b), by partly replacing Ti atoms in the TiN crystal with Al atoms, the
ternary alloy Ti1.xAlxN (TiAIN) is formed (x represents the occupancy of Al atoms on the metal
lattice), which can be seen as a solid solution phase of cubic TiN (c-TiN) and cubic AIN (c-
AIN). It has been reported that by increasing the Al content, mechanical properties and chemical
inertness of the TiAIN coatings, such as hardness, hot hardness, and oxidation resistance,
increase prominently compared to that of the TiN phase [12,38]. Cubic Al-rich phases (AIN,
and TiAIN) are metastable. PVD was originally used for depositing Ti1xAlxN coatings, yielding
restricted Al contents up to x ~ 0.67 [39,40]. A higher Al content in PVD TiAIN coatings
results in the formation of hexagonal wurtzite AIN (h-AIN) phase. However, in recent years c-
TiAIN coatings with higher Al content (x = 0.9) have been synthesized by LPCVD [38], with
higher hardness and better oxidation resistance. The thermal stability of TiAIN is essential for
cutting tool applications, and the metastable cubic TiAIN phase was reported to undergo
decomposition at elevated temperatures [41,42]. However, LPCVD TiAIN with high Al content
was shown to exhibit better thermal stability than PVD TiAIN, and the cubic phase remains
stable at temperatures up to ~ 1000 °C [38,43].
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Figure 3.2. Schematics of the crystal structures of TiN and TiAIN. (a) cubic TiN where Ti and

N atoms form two FCC sublattices; (b) TiAIN structure where Al atoms partly replace the Ti
atoms in the Ti FCC sublattice in the TiN crystal structure. The Al content is represented by the

occupancy x in Ti;xAlxN. Vacancies of Ti, Al, or N are not presented.

In paper I, the TiAIN coating was synthesized by LPCVD on a cemented carbide substrate pre-
coated with TiN. The gaseous precursors, AIC3-TiCls—NH3, are supplied rotationally in an
industrial equipment, which was found to yield a periodic structure along the [001] directions,
consisting of nanolamellae with different Al and Ti contents. Both the Al-rich (Al(Ti)N) and
the more Ti-rich (Ti(Al)N) lamellae have the cubic structure without significant lattice
mismatch [7,43,44]. The atomic resolution scanning transmission electron micrograph
collected by high angle annular dark field (HAADF) detector, as shown in Fig. 3.3, illustrates
the typical nanolamella structure. The contrast mechanism will be described in Chapter 4. The
formation of the nanolamellae were suggested by Paseuth, et al. to be due to a short-range
diffusion of the spinodal decomposition during the fast deposition process [44]. Alternatively,
a kinetically controlled self-assembly process during the surface reaction [45] was reported to
cause the coherent nanolamella structure [7]. In addition, nanolamella structures with periodic
cubic Ti(AI)N and h-AIN were also reported to exist in LPCVD TiAIN coatings [46,47].
Apparently, the growth mechanism of the LPCVD nanolamella TiAIN phase has not been fully

revealed and much research remains to understand it.



AI(TI)N

Figure 3.3. High resolution scanning transmission electron micrograph of the nanolamella
TiAIN structure, collected by the HAADF detector. Thin layers with bright contrast are Ti(Al)N
phase, thicker layers with dark contrast are AI(Ti)N phase.

3.3 Aluminium nitride

h-AlIN is a typical III-V semiconductor material with a wurtzite structure and a wide direct band
gap of 6 eV [48]. With such a large band gap, h-AIN has been intensively used in opto-electronic
devices, such as light emitting diodes, laser diodes and photodetectors. The h-AIN is also used
in high-temperature electronic devices because of its high melting temperature [49]. It is also
widely used in electronic industries for semiconductor packages due to its high thermal

conductivity at elevated temperature and a good thermal expansion match with silicon [50].

The h-AIN phase was found co-growing with the cubic TiAIN phase during the CVD synthesis
process, which is believed to cause inferior mechanical performance of the hard coating. h-AIN
shows high hardness (~ 15 GPa) [8,9], which is however still much lower than that of the cubic
TiAIN (~ 30 GPa) [38]. Synthesizing cubic TiAIN coatings with high Al content thus has been
a challenge, because of the possible co-formation of the h-AIN phase. Grain morphology
distortions were reported to appear in PVD coatings, where a mixture of TiAIN and a noticeable
amount of h-AIN was found to result in the disappearance of the TiAIN columnar grain
morphology [39,51]. In paper I, a co-growth of h-AIN onto the Ti(AI)N lamellae is identified,
and it is believed to cause the microstructural inhomogeneity of the TiAIN coating. The results

will be discussed in Chapter 5.
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4 Experimental procedure

The main part of this thesis is concerned with electron microscopy, which, as a powerful
technique for materials characterization. It provides the possibility for combining high
resolution imaging with crystallographic and chemical information. In this research, both
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are used for
the microstructure investigations. Basic theories of electron microscopy are discussed in this
chapter. In addition, X-ray diffraction (XRD) is also used in this thesis to analyze phase contents

and coating textures. A brief introduction to some modelling techniques is included as well.

4.1 X-ray diffraction

XRD was used to examine the phase contents and coating textures [52,53]. As schematically
illustrated in Fig. 4.1, an X-ray source generates an incident beam to illuminate a polycrystalline
or powder specimen, and the incident X-rays are diffracted by the crystal structure according
to Bragg’s law: 1 = 2dy,;,; sin 8, where dj,,; is the interplanar distance between (/kl) atomic
planes, 4 is the wavelength of the X-rays, and 6 is the Bragg angle. The diffracted beam is
detected by an X-ray detector, and the angle between the incident beam and the diffracted beam
is 26. During a 6 - 26 scan, the sample and the detector rotate with an angular speed of w and
2w, respectively, and the intensity 7 at the detector position is registered. The intensity / as a
function of 20 is then presented as an X-ray diffractogram [52]. The XRD measurements for
TiAIN coatings and TiN coatings were carried out by our project partners at Walter AG,

Germany, and Uppsala University, Sweden, respectively.

X-ray source

O ~ Diffracted
OO 1
/ NN

‘Incidentbeam~_

Figure 4.1. Schematic illustration of an X-ray spectrometer for a 8 - 26 scan.

11



4.2 Scanning electron microscopy

The basic configuration of an SEM is schematically illustrated in Fig. 4.2 (a). In an SEM,
electrons are emitted from an electron source, usually a thermionic gun or a field emission gun
(FEG). The stream of emitted electrons is accelerated by an anode below the gun, to an energy
typically ranging from 2 to 30 keV. The electron beam is then converged by one or multiple
electromagnetic condenser lenses and focused into a fine probe. The focused probe on the
specimen surface is a demagnified image of the electron source. The convergence angle of the
electron probe is determined by the objective aperture. By a beam shifting function using the
scanning coils, the focused electron probe scans through a rectangular raster over the sample
surface area of interest. The focused electron beam hits the sample surface and interacts with
the specimen by elastic and inelastic scattering within a so-called interaction volume, as shown
in Fig. 4.2 (b). Within the interaction volume, signals are generated, and may travel to the
specimen surface, depending on where in the interaction volume the signal is generated. The
signals emitted from the surface are detected by various detectors. Typical signals include
Auger electrons (AEs), secondary electrons (SEs), back scattered electrons (BSEs) and
characteristic X-rays. The detector signals will be processed by a computer that also controls

the scanning circuit to control the position of the focused probe.

As shown in Fig. 4.2 (b), the interaction volume starts from the sample surface and expands
down into the sample interior for a certain depth depending on an integral effect of specific
material composition and the acceleration voltage. However, the escape depths of signals
depend on their mean free paths within the specimen. SEs are generated by the inelastic
scattering of the incident electrons, which excites the outer shell electrons of the specimen. SEs
exhibit low energies (0 ~ 50 eV) and are easily reabsorbed within the specimen, which means
that the SE signal detected by the detector is usually very localized, emitting from a volume
that is a few nm deep from the specimen surface. An SE detector and an in-lens detector lying
within the objective lens collect SEs, yielding micrographs of surface topographic information
with high spatial resolution and sharp surface morphology contrast [54]. BSEs are incident
electrons scattered by the nuclei of specimen atoms, with higher energies than the SEs. The
BSEs are emitted from a larger part of the interaction volume, thus giving a worse spatial
resolution compared to the SE signal. BSEs collected by an BSE detector provide image

contrast depending on the local average atomic number since the probability of elastic scattering
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increases with the atomic number, which means that an area with heavier elements generates

more BSEs and yields a brighter contrast than an area with lighter elements.

Upon illumination by the primary electron beam, sufficient energy can be transferred to a core-
shell electron that is excited outside the strong field of the nucleus, which is called ionization
[55]. Once ionized, the excited atom can decay to the ground state where an outer shell electron
fills the core hole, emitting excess energy. This transition energy can either create characteristic
X-rays or AES. These AEs are emitted from a few top layers of atoms of the specimen surface,
however, the signal intensity is too low to be detected by regular SEM detectors. Characteristic
X-rays are emitted from a larger part of the interaction volume, and can be collected by a diode-
type Si detector to perform XEDS. The SEM XEDS provides both qualitative and quantitative
information about the chemical composition of the probed area, but with lower spatial
resolution than the electron signals. The XEDS analysis is mainly performed in this thesis
during scanning transmission electron microscopy (STEM) mode, and more details of STEM

XEDS will be discussed in Section 4.3.4.

SEM was used in this thesis mainly for imaging the cross section to characterize the coating
morphology, as e.g. the columnar coating grains shown in Fig. 3.1. The SEM results were
acquired using Zeiss Supra 40VP, Ultra 55, and Crossbeam 540 systems, with in-lens and
standard SE detectors.
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Figure 4.2. (a) Schematics of the SEM instrumentation. (b) Schematics of the electron beam -
specimen interaction volume. Detected signals originate from a volume with a size that depends

on the escape depth of the particular signal (not drawn to scale).
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4.3 Transmission electron microscopy

The electron microscopy characterization in this thesis was mainly done by TEM, in both the
transmission (TEM) and scanning transmission (STEM) modes. TEM is a powerful instrument
that enables high spatial resolution imaging together with the acquisition of chemical and
crystallographic information. In this section, the regular configuration of a TEM instrument,

and the principles of the TEM/STEM operations used in this research are presented.

4.3.1 Instrument configurations

The configurations of TEM differ slightly depending on each instrument, therefore this section
will be focused on the instrument used in this research. In this work, TEM/STEM
characterization was performed using an FEI Titan 80-300 TEM/STEM instrument, and the
basic configuration is schematically shown in Fig. 4.3. A TEM mainly consists of three systems:
the illumination system, the image formation system, and the projection and image recording

system.

In the illumination system, the primary electrons are emitted from an electron gun. In this
research, a Schottky FEG is used. It exhibits higher brightness than the thermionic gun, which
enables a smaller probe size and a higher spatial resolution, as the source size can be
significantly demagnified without severe loss of primary beam current [56]. The emitted
electrons are then accelerated by an anode, and the microscope is mainly operated at 300 kV in
this research. The condenser system is located below the electron gun. A strong C1 lens first
collects electrons from a large solid angle and forms a demagnified image of the source. The
electron beam current is mainly controlled by the C1 aperture and by tuning the C1 lens strength.
The second condenser lens (C2) projects the demagnified image of the source formed by C1
onto the specimen, where the illumination area is controlled by C2 and the beam convergence
angle by the C2 aperture. In older TEMs, the illumination area and convergence angle cannot
be tuned independently by only the C2 lens and the C2 aperture. In newer TEMs, this is realized

by introducing another condenser lens (C3) and a corresponding aperture (C3 aperture).

The image forming system is the most critical part of a TEM, mainly consisting of the objective
lens and objective aperture. The objective lens is the most critical component of a TEM as it
determines the resolving power of the microscope. The thin foil sample is usually immersed

into the strong magnetic field created between the upper and lower polepieces of the objective
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lens. A solid-state Si XEDS detector made of a reverse-biased p-i-n diode (‘p-doped’ — ‘intrinsic’
— ‘n-doped’) is mounted close to the sample in order to obtain a large solid angle for collection
of characteristic X-rays. The transmitted electrons are collected to form an image in the
objective lens image plane and a diffraction pattern in the objective back focal plane. The
objective aperture in the objective back focal plane can be used for bright field (BF) and dark
field (DF) imaging. A selected area diffraction (SAD) aperture can be inserted in the image

plane to choose a specific area for electron diffraction.

The image or diffraction pattern formed by the image forming system is then collected by the
projection and image recording system. This system consists of several lenses, including a
diffraction lens, an intermediate lens, and a projection lens. High angle annular dark field
(HAADF) and annular dark field (ADF) detectors are placed in the diffraction plane to collect
transmitted electrons with different scattering angles for STEM imaging. The final image or
diffraction pattern can be viewed on a fluorescent screen or recorded on a charge coupled device
(CCD) detector. A Gatan image filter (GIF) system is mounted below the CCD camera for
EELS and energy filtered TEM (EFTEM) operations. It consists of an entrance aperture, a
magnetic prism, pre- and post-prism multipoles (tuning multipoles, and projection multipoles),

an energy selecting slit and another CCD camera.
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Figure 4.3. Schematics of basic TEM configurations. The TEM is mainly composed of the
illumination system, image forming system, projection and image recording systems and the

GIF system.
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4.3.2 TEM mode

In TEM mode, a (nearly) parallel primary electron beam illuminates the thin foil specimen,
which is typically around 100 nm thick. The high energy electrons scatter elastically and
inelastically inside the specimen within a narrow interaction volume, as illustrated in Fig. 4.4.
Backscattered signals, such as characteristic X-rays, SEs and BSEs, are emitted. Characteristic
X-rays can be collected by the XEDS detector, closely mounted above the thin foil specimen.
However, SE and BSE detectors are usually not implemented in TEM due to size restriction of
the objective lens. TEM micrographs are formed by collecting electrons that are transmitted by

the thin foil specimen.

Bright field (BF) imaging in the TEM is realized by inserting the objective aperture in the back
focal plane of the objective lens, only allowing the direct beam to pass. The BF micrograph
exhibits mainly mass-thickness contrast and diffraction contrast [55]. The mass-thickness
contrast depends on the average atomic number Z and local specimen thickness ¢, where areas
with greater Z and ¢ scatter more electrons and therefore appear darker in the BF micrograph.
For diffraction contrast, the BF micrographs appear darker at areas where the crystal orientation

is closer to a Bragg condition with respect to the incident electron beam.

The elastically scattered electrons are deflected from the incident direction resulting in Bragg
diffraction according to Bragg’s law. Dark field (DF) imaging is realized by inserting the
objective aperture in the back focal plane of the objective lens, and only allowing the electron
beam of a certain diffracted angle range to pass. The DF micrographs mainly exhibit diffraction
contrast, where areas closer to the Bragg conditions appear brighter [55]. Normal TEM imaging
includes both the unscattered and the scattered electrons. High resolution TEM (HRTEM) is
performed by using a large objective aperture (or no objective aperture), and it exhibits phase
contrast with atomic spatial resolution due to interference of the direct beam and diffracted
beams [56]. HRTEM is used in this work to reveal the crystal orientation, atomic arrangement

and phase content in regions of interest.

The inelastically scattered electrons have lost energy through various inelastic scattering events,
such as bulk plasmon excitation, inter- and intra-band excitation, core shell ionization, efc [55].
The inelastically scattered electrons can be recorded by a GIF system and employed for EELS
and EFTEM measurements, which provide information regarding the chemistry and electronic

structure of the specimen [55,57].
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Figure. 4.4. Schematics of TEM signals originating from the interaction between the high

energy electron beam and the thin foil sample.

4.3.3 STEM mode

In STEM mode, information is recorded by serial acquisition, where a rectangular area of the
thin foil specimen is scanned by a convergent electron beam that is focused into a fine probe
by the condenser lenses. Due to the much smaller illumination area compared to the TEM mode,
the interaction volume in STEM mode is much smaller, which therefore enables high spatial
resolution for various signals, as shown in Fig. 4.5. Characteristic X-rays from the narrow
interaction volume can be recorded and form an XEDS spectrum image, which is a data set
where each pixel of the image contains an XEDS spectrum. SEs and BSEs are usually not used
in TEM for imaging, although high resolution SE imaging was reported being implemented by
using an SE detector in an aberration-corrected STEM instrument [58]. However, normally
STEM imaging is realized through collecting transmitted electrons with different scattering
angles by detectors mounted in a conjugate back focal plane of the objective lens, below the
projection lens. As shown in Fig. 4.5, the STEM BF mode is performed by collecting
transmitted electrons that are unscattered (or scattered less than 10 mrad) from the optical axis
using a BF detector. Similar to the TEM BF imaging, STEM BF imaging shows mass-thickness
contrast and diffraction contrast. Annular dark field (ADF) imaging is performed using a
concentric detector to collect transmitted electrons that are scattered from the optical axis
between approximate 10 to 50 mrad, which contribute to the mass-thickness contrast and
diffraction contrast. To exclude the Bragg diffracted electrons and only collect incoherent

elastically scattered electrons, a larger concentric high angle ADF (HAADF) detector is used.
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STEM HAADF imaging collects transmitted electrons with scattering angle higher than 50
mrad, which is similar to unscreened Rutherford scattering, where the scattering cross section
increases with Z2. However, due to the screening effect by the electron cloud, the Z dependence
varies between Z!7 and Z'° depending on the inner collection angle [59]. STEM HAADF
imaging is widely used in this research to differentiate Ti-rich and Al-rich areas with high
spatial resolution. As shown in Fig. 3.3, the Ti(Al)N lamellaec with higher average atomic

number appear brighter, and the Al(Ti)N lamellae with lower average atomic number appear
darker.

Primary electron beam

Characteristic X-rays l SEs & BSEs

Interaction volume

BF
Optical axis

Figure. 4.5. Schematics of the STEM signals and detectors for various operating modes.

4.3.4 X-ray energy dispersive spectrometry

Analytical STEM XEDS is intensively employed in this study, which gives high spatial
resolution for chemical analysis for a given region of interest. Atoms can be ionized by the high
energy primary electron beam, where an inner shell electron is excited to the vacuum state
leaving an inner shell hole. The relaxation to the ground state through transferring an outer shell
electron to the inner shell hole can lead to the emission of characteristic X-rays with an energy
unique to the atom. The innermost electron shell is called the K shell, the next is the L shell,

and the next M, and so on. During the penetration of primary electrons through the specimen,
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their momenta change substantially due to Coulomb interaction with nuclei, which emits the
so-called Bremsstrahlung X-rays. The incident electrons can lose any amount of energy to
produce Bremsstrahlung X-rays from zero to the primary beam energy, which therefore yields
a continuous background in the XEDS spectra. X-rays emitted from the specimen are recorded
by semiconductor detectors. The X-ray photons entering the detector can excite the
semiconductor electrons from the valence band to the conduction band and cause electron-hole
pairs. The energy for this process in Si is on average around 3.8 eV at liquid N> temperature.
The X-ray energy is thus quantified by the number of electron-hole pairs. The energy resolution

achieved by such type of detector is around 135 eV [55].

Both identification and quantification of chemical elements can be done from XEDS spectra.
The elements in the specimen are typically identified by the location of their characteristic X-
ray peaks in the spectrum, although the poor energy resolution (peak overlap) is sometimes a
limit. For quantification of different elements, the Bremsstrahlung background of the XEDS
spectrum needs to be subtracted. This background subtraction may, for example, be done
through defining several background windows where no characteristic X-ray peaks exist, where
the background is fitted by polynomial functions and extended to the remaining regions. Once
the background is subtracted, the intensities of certain X-ray peaks for each element are
integrated. Assuming /a and /g are the integrated peak intensities of elements A and B present
in the specimen, the Cliff - Lorimer equation allows quantification of the ratio of these two
elements as:

Ca I

L 2 4.1
G =k 4D

where the C4 and Cp are the concentrations of elements A and B in the specimen, the kag is the
Cliff-Lorimer factor calibrated by standard samples [55]. In this research, XEDS quantification
is widely employed to determine the ratio of various elements. The data processing is
implemented by XEDS software packages. An example of the STEM XEDS analysis is shown
below. An XEDS linescan is acquired across the TiN/TiAIN interface, as illustrated in Fig. 4.6
(a). Using the XEDS data, the spatial variations of Al and Cl are calculated, see Fig. 4.6 (b).
The peaks of Al and Cl at the TiN/TiAIN interface indicate a co-enrichment of the Al and Cl,
which in this case probably indicates an incomplete reaction of aluminium chlorides precursors

that have diffused through the stagnant layer to the substrate surface during the CVD process.
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The incomplete reaction causes an accumulation of Cl in the coating that should otherwise have

been released to the gas phase. This is discussed further in Paper 1.
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Figure. 4.6. Example of STEM XEDS analysis of the TiN/TiAIN interface. (a) STEM HAADF
imaging of the TiN/TiAIN interface. An XEDS linescan is collected as illustrated by the arrow.
(b) Variations of the Cl and Al ratios along the linescan shown in (a), obtained from the XEDS

data.

4.3.5 Electron energy loss spectroscopy

STEM EELS is used in this study for element identification requiring both high spatial and high
energy resolution that XEDS cannot achieve. Electrons may undergo various inelastic
scattering events within the specimen. The energy of the transmitted electrons is recorded, and
electron counts as a function of energy loss is displayed by the GIF system as an EELS spectrum.
A typical EELS spectrum contains a narrow zero loss peak (ZLP), a low loss regime, and a core
loss regime. The ZLP contains electrons that lose no (or very little) energy when penetrating
the specimen, and the width of the peak defines the energy resolution of the recorded EELS
spectrum [55,57]. The low loss region extends from the ZLP to 50 ~ 100 eV, which mainly
contains plasmon peaks. The low loss spectra can be used to determine the sample thickness
and to exclude the contribution of plural inelastic scattering to the ionization edge intensity for
absolute element quantification [55,57]. After the low loss area is the core loss region, where
the inner shell ionizations are shown as edges of the corresponding elements. The energy
resolution of < 1 eV of EELS makes it possible to differentiate the Ti L3 edge (456 eV) from
the N K edge (401 eV), which is used in paper I to identify the presence of elements to identify

the various phases.
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4.3.6 STEM probe size and imaging resolution

The spatial resolution of STEM imaging is mainly limited by the size of the convergent electron
probe scanned across the specimen. According to Rayleigh’s theory, the electron probe
converged by an aperture is designated as an Airy pattern, assuming the primary beam is solely
diffraction limited [56]. The probe radius limited by the illumination aperture effect, is given

as:
2
ry~ 0.61 = (4.2)
a

where 7, is the radius of the focused electron probe limited by diffraction, A is the wavelength
of the incident electron beam, and « is the convergence angle (in radians) of the incident beam.
According to equation (4.2), the focused probe size decreases with shorter wavelength of
incident electrons and with larger convergence angle. However, the imperfections of
electromagnetic lenses also limit the size of the electron probe where the spherical aberration

is the main factor and given by:

1
TS I~ cha3 (4‘.3)

where 7; is the radius of the focused electron probe limited by spherical aberration and Cs is the
coefficient of the spherical aberration. According to equation (4.3), the electron probe size
increases with a larger convergence angle. The STEM probe size is also influenced by the
chromatic aberration and effective source size, which however are negligible compared to the
diffraction limit and the spherical aberration. As decreasing the size of illumination aperture
suppresses the spherical aberration but leads to more diffraction effects, there is an optimal
illumination aperture size that gives the optimal convergence angle a,,, for the smallest probe

size and highest spatial resolution:

1/4

42
Aopt = (C_) (4‘-4‘)

The spherical aberration cannot be corrected for by electromagnetic lenses, since no concave
magnetic lenses exist. It thus has to be corrected by Cs correctors that contain a complex
arrangement of multiple hexapoles, or octupoles, and quadrupoles [56]. Using the Cs corrector
suppresses the spherical aberration, which allows a larger illumination aperture (C; aperture)

and thereby suppresses the diffraction effect. The microscope used in this research is equipped

23



with a spherical aberration corrector for the condenser lens, which gives an ideal spatial
resolution of around 1 A that enables atomic scale HRSTEM imaging, which is used in this

research to reveal the atomic arrangement, phase identity and crystal orientation in the sample.

4.3.7 Beam broadening and spectrometry/spectroscopy resolution

The spatial resolution of XEDS and EELS depends on the size of the interaction volume within
the thin foil specimen, as shown in Fig. 4.7. In STEM mode, the convergent beam is a focused
probe with a diameter of d. The beam propagating through the specimen broadens and exits the
bottom surface with diameter of Rmax. The spatial resolution R for spectroscopy analysis is
defined as the smallest distance between two interaction volumes that give independent spectra

[55]:

> = (d? + p?)/? (4.5)

where b is the electron beam broadening within the specimen and can be calculated as [55]:

Z
b=8x10712 — (N,)/2 ¢2/3 (4.6)
0

where ¢ is the thickness of specimen, E is the energy of primary electron beam, Ny is the number
of atoms per unit volume, and Z is the atomic number (all variables in SI units except £y in
keV). In STEM XEDS/EELS experiments, the spatial resolution is mainly limited by the beam
broadening, which is typically 5 ~ 10 nm, instead of the nominal probe size. Therefore, higher
current with larger probe size (few nm instead of A) can be used to obtain more incident
electrons to get a higher signal to noise ratio. For STEM XEDS analysis, a thicker sample
provides higher X-ray counts for better statistics, which is essential for quantification. However,
the beam broadening effect increases with specimen thickness and therefore lowers the spatial

resolution of the analysis.

The spatial resolution of chemical analysis can be measured experimentally by scanning the
probe across an interface with an atomically discrete composition change, as shown in Fig. 4.7.
The elemental profile determined experimentally is a convolution of the actual atomically sharp
interface with the beam shape. Defining L by measuring the distance on the profile between the

2% and 98% points, the spatial resolution is [55]:
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2a
" ™/ Primary beam Beam scanning direction
Ld )
p— T
t
Rmax
S
< I i
= - 98 %
m
G
o
=
= A Interface B
8
k=
3
=
o
O = O 2%
0 <L Distance

Figure 4.7. Schematic diagram illustrating the influence of the beam broadening effect on the

spatial resolution of the STEM XEDS and EELS analysis.

The intensity of XEDS and EELS signals should also be considered for the actual spectroscopic
studies. As illustrated in Fig. 4.8, the characteristic X-ray photons are emitted uniformly in all
space. A collection solid angle p? for X-ray photons usually only allows capturing of 0.01%
~ 1% of the emitted characteristic X-ray photons, although the XEDS detector is mounted as
close to the specimen as possible and the take-off angle ¢ is optimized to maximize the
collection efficiency. Therefore, higher beam currents and/or thicker samples can be used in
XEDS acquisition for better counts, which however deteriorates the actual spectroscopic spatial

resolution due to larger probe size and more beam broadening.

The inelastically scattered electrons are significantly forward scattered, and a small collection
solid angle (2 (limited by the entrance aperture of the electron energy loss spectrometer) for
the EELS signal makes possible a 50% ~100% collection efficiency. A small beam current and

a thin specimen can yield sufficient counts for EELS acquisition with high spatial resolution.
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Figure 4.8. Schematic illustration of collection efficiencies of STEM XEDS and EELS. The
characteristic X-ray photons are almost uniformly emitted in space. The energy loss electrons

are strongly forward scattered and can be collected with high efficiency by a small collection

angle.

4.4 Focused ion beam technique

The focused ion beam — scanning electron microscope (FIB-SEM) consists of an electron
column for SEM functions, and an ion column mounted at an angle (usually 52°) with respect
to the electron column [60]. As shown in Fig. 4.9, the sample is placed on the coincidence point
were the electron and ion probes meet. The working distance between the coincidence point
and the polepiece of the electron gun is usually around 10 mm. The ion column contains a Ga
liquid ion metal source that emits Ga* ions, which are focused into a probe onto the specimen
surface by an optical system of a similar design as in a SEM. The electron beam is used for

imaging the specimen as in regular SEMs. The Ga’ ion beam can be used for milling away
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material by interaction between Ga' ions with the material, and SEs can be generated during
the interaction and used for imaging. Deposition of a Pt-containing protective layer can be
performed by introducing a Pt containing organometallic compound in gas form into the
chamber in the vicinity of the sample surface. This gas interacts either with the electron or Ga*
ion beam that scans over the area of interest, and a Pt containing layer, typically
20 um X 2 ym X 2 um, is deposited onto the sample surface. The Pt deposition is widely used
for protecting site specific TEM lift-out samples, and to weld the sample to a micromanipulator
or a TEM specimen grid. The recipe details for preparing the TEM lift-out thin foil specimens
is described in references [61,62]. An FEI Versa 3D FIB-SEM equipped with a
micromanipulator is used in this project mainly to prepare the site-specific TEM lift-out
samples, and to mill coating cross sections for electron backscattered diffraction (EBSD)

measurements.
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Figure 4.9. Schematics showing the basic principles of a FIB-SEM system. (a) Imaging by the
electron beam. (b) Milling by the Ga" ion beam.

4.5 Electron backscattered diffraction and transmission Kikuchi diffraction

EBSD is a technique implemented in the SEM, where the BSEs are Bragg scattered and form
Kikuchi bands onto an EBSD detector. The collected Kikuchi band patterns are then processed,
including frame averaging and background subtraction. The processed Kikuchi band patterns
are then indexed, through which local phases and orientations of areas of interest can be
identified [63]. As shown in Fig. 4.10, in EBSD experiments, the bulk sample surface is tilted
by around 70° to face the detector. The spatial resolution of EBSD depends on the size of the

interaction volume that Bragg diffracted BSEs escape from, where a spatial resolution of 20 ~
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50 nm can be achieved. The working distance between the scanned area on the sample surface

and the polepiece in EBSD measurements is usually around 15 mm.

Transmission Kikuchi diffraction (TKD) technique is another SEM-based technique, where a
thin foil sample is mounted with a 20° tilt, and the transmitted electrons that are first scattered
sideways and then Bragg diffracted are collected by the EBSD detector. The working distance
between the scanned area on the sample surface and the polepiece in TKD measurements is
usually around 5 mm. Due to the small interaction volume in the transmission mode, the spatial
resolution of TKD is higher than that of EBSD, and diffraction data from domains less than 10
nm can be achieved [64]. Due to larger interaction volumes for bulk samples, the BSEs undergo
more inelastic scattering events and therefore exhibit broader energy spread in EBSD
experiments. The broader distribution of energies and wavelengths of BSEs makes the Kikuchi
patterns blurry and deteriorates signal to background ratio. However, in TKD the transmitted
electrons undergo fewer inelastic scattering events within the small interaction volumes, and
the recorded signal has less energy spread and a higher signal to background ratio. Therefore,

TKD can provide Kikuchi patterns of higher quality than EBSD [64].
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Figure 4.10. Schematics showing the basic geometries of the (a) EBSD and (b) TKD

experimental setups.
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4.6 Modelling considerations

4.6.1 Computational fluid dynamics

Computational fluids dynamics (CFD) simulations solve problems regarding the flow of fluids
(liquids and gases), where various physical properties of the fluids including pressure,
temperature, velocity, efc, are considered for simulating the heat and mass transport. A 3D
model of the system is built and meshed, where each mesh consists of fluid cells for fluid flow
analysis and solid cells for heat conduction analysis. The mass transport is calculated by
numerically solving the Navier-Stokes equations for the fluid cells, and the heat transfer is

calculated for the solid cells by solving the heat equation derived from the Fourier’s law [65].

In paper I, the microstructural inhomogeneities in the TiAIN coating are found to be influenced
by the precursor gas flow rate. Therefore, to correlate the microstructures of different locations
on the cutting tool insert to the corresponding local gas flow rate, a CFD simulation was
performed by Walter AG, Germany, using a Solidworks Flow Simulation software, to
determine the gas flow patterns during the LPCVD process for the deposition of TiAIN coatings

in a hot wall CVD reactor.

4.6.2 Density functional theory

Density functional theory (DFT) is a first principle method to understand the physical properties
of condensed matter, where the electronic structures are calculated based on Schrodinger’s
equation. In theory, it is possible to derive all properties of a system by determining the many-
body wave function, which is a function of all the coordinates of electrons and nuclei in the
system. This turns out to be impossible in reality due to the limited computing power, and thus
approximations must be made to simplify the problem. The first common approximation is the
Born-Oppenheimer approximation, which treats all nuclei as fixed [66]. However, solving
directly the Schrodinger’s equation of a system with n electrons requires to determine a many-
body wave function with 3n variables that involve the three coordinates of each electron, and it
becomes intractable for more than a handful of electrons. To solve this problem, the Hohenberg-
Kohn theorems were proposed, stating: (a) all properties of the system are uniquely determined
by the ground state electron density; (b) an energy functional of the electron density exists, and
the ground state electron density can be determined according to the minimum of the energy
functional [67]. The Hohenberg-Kohn theorems therefore simplify the problem of solving the

many-body wave function with 3n variables into a problem of determine the ground state
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electron density with 3 variables, which is tractable for a system with hundreds of electrons.

More technique details of the DFT simulations can be found in reference [67].

In this work, DFT simulations were performed by colleagues from the Royal Institute of
Technology, Sweden, using the Vienna ab-initio simulation package (VASP) [68]. In paper I,
a co-growth of h-AIN onto the Ti(Al)N lamellae with a specific crystallographic orientation
relationship was found by electron microscopy. DFT modelling was performed to calculate the
interface energies of the h-AIN/Ti(Al)N and the h-AIN/AI(Ti)N interfaces, which helped to
explain the formation of the h-AIN in the TiAIN coatings. In addition, the adsorption energies
of the reacting gas species (aluminium chlorides and titanium chlorides) onto the cubic TiN,
Tio.sAlosN, Tio.1AlooN, and AIN phases were calculated, to help to understand the surface

kinetics of the Al and Ti deposition.

4.6.3 Thermodynamic modelling

In thermodynamic modelling, a phase is usually considered as a mixed solution of several
solutes of the constitute elements. The Gibbs energy of a phase is usually expressed as a
collection of polynomials consisting of the initial Gibbs energies of pure solutes, the Gibbs
energies caused by mixing, and extra terms that describe the interactions of elements in a certain
phase. The Gibbs free energy of each phase is a function of temperature, pressure, and
composition. The phase diagram calculation is to predict the existence and the compositions of
the corresponding phases in a system, by minimizing the total Gibbs energy of the system at
each given temperature and pressure. For thermodynamic modelling, it is essential to know the
Gibbs energy polynomials of the studied phases, which are implemented in thermodynamic

databases [69].

In paper II, phase diagrams were calculated by colleagues from the Royal Institute of
Technology, Sweden, using the Thermo-Calc software [70]. The thermodynamic calculations
predict the existence of stable phases that contain the components of the CoCrFeNi substrate,
and the fraction of metal chlorides formed during the CVD process at different temperatures.
The STEM XEDS measurements together with the thermodynamic simulation indicate that Cr

would deplete from the substrate and diffuse into the coating.
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5 Results and discussion

In this thesis, two coating systems were studied. In paper I, the detailed microstructure of
LPCVD TiAIN coatings were investigated by various electron microscopy techniques with
complementary DFT and CFD simulations, and a gas flow effect on the coating structure
inhomogeneity is discussed. In paper II, the microstructure of TiN coatings deposited on a
CoCrFeNi MPEA substrate was characterized, where a diffusion of Cr from the substrate to the
coating through grain boundaries was revealed. Important results of the two papers will be

discussed briefly in the following sections, while more details are given in the appended papers.

5.1 Co-growth of h-AIN and TiAIN phases

The h-AIN phase was found to grow together with the c-TiAIN phase, either as a thin layer at
grain boundaries or as domains within the TiAIN grains. The h-AIN domains start growing on
the (001) surface of the Ti(AI)N lamella, following an orientation relationship: [110]cu, //
[2110]hex, and (001)cub // (0001)hex. The formation of h-AIN on the Ti-rich TiAIN can be
explained by the DFT modelling, where the h-AIN has a noticeably lower interface energy with
the Ti(AI)N phase than with the Al(Ti)N phase. The h-AIN was also found to influence the
growth of cubic nanolamellae. It is believed to be related to a grain morphology distortion in
the TiAIN coatings, where a co-growth of h-AIN and the cubic TiAIN was found to result in a
coating structure without columnar grain compared to the columnar grain morphology of the

pure c-TiAIN phase.

5.2 Gas flow effect on Ti and Al deposition

According to the chemical analysis by STEM XEDS and CFD simulations of the gas flow,
higher Ti/Al ratio than the average content (Tio2AlosN) appears at positions with faster gas
flow, especially at the insert edge corner. The spatial variation of the Ti/Al ratio can be
explained by the fact that the deposition rates of Ti and Al are influenced by the mass transport
and the surface kinetics. As has been reported, the CVD reaction temperature for titanium
chlorides is around 800 °C. This is much lower than that for the aluminium chlorides, which
are deposited at around 1000 °C [37,71]. The temperature used in our LPCVD process is
relatively low (~ 700 °C). It is sufficiently high for the surface reactions of the Ti deposition,
and gives a mass transport controlled deposition. However, this low temperature limits the

surface reactions of the Al deposition, which is thus confined to the surface reaction controlled
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regime.

According to CVD fluid dynamic theories, a thinner stagnant boundary layer is formed due to
the fast gas flow rate close to the insert corner [72]. Therefore, the mass transport of both the
titanium and aluminium chlorides is stimulated by shortening the diffusion path through a
thinner stagnant layer. According to equation (2.4), the rate of Ti deposition, which is mass
transport controlled, increases with the square root of the gas flow velocity. However, for the
deposition of Al that is limited by the surface reaction kinetics, the deposition rate is not
increased by the higher local supply of the precursors. These facts explain the higher Ti/Al ratio

at positions where the gas flow is faster.

5.3 Microstructural inhomogeneity in TiAIN coatings

An inhomogeneity of the TiAIN coating was reported in paper I, where columnar grains form
at positions away from the edge corner, where the gas flow rate is lower. However,
microstructural distortion appears at areas close to the insert corner, with higher Ti content than
the average composition. PVD TiAIN coatings have also been reported to show grain
morphology distortions, where a pronounced amount of the h-AIN was found to co-grow with
the c-TiAIN phase and the columnar grains disappeared [39,51]. A similar effect in CVD TiAIN
coatings was also found in our research, where a mixture of discontinuous cubic nanolamellae
and h-AIN domains is suggested to cause the distortion of the columnar grains. According to
our DFT simulations, h-AIN phase prefers to grow on Ti(Al)N, following the orientation
relationship described above. It is thus suggested that the excessive h-AIN growth is caused by
the high local Ti content. To summarize, the high gas flow speed stimulates the Ti-deposition
and forms more Ti(Al)N phase. The excessive Ti(Al)N phase probably stimulates the formation
of the co-grown h-AIN, which influences the formation of the nanolamellae structure and the

columnar grain morphology.

5.4 Diffusion of Cr from a FeCrCoNi substrate through TiN grain boundaries

The microstructure of TiN grains grown by CVD on a FeCrCoNi multi-principal element alloy
substrate was studied in paper II. Diffusion of Cr from the substrate was revealed by analytical
electron microscopy. STEM XEDS showed the presence of Cr aggregated along the boundaries
of the TiN grains. In addition, Cr was shown to be present at the coating top surface as well.

This Cr enrichment may be due to the N-rich atmosphere present during the cooling process,
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where the N-rich environment is suggested to cause a continuous diffusion of Cr towards the

coating surface.
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6 Future work

This thesis is focused on understanding the microstructure of CVD TiN coatings and LPCVD
nanolamella TiAIN coatings. The detailed electron microscopy studies will in the future be
broadened into other CVD coating systems, like TICN and a-Al>O3 coatings. A few projects

that have been planned are described in this chapter.

6.1 Quantification of chemical compositions of TiAIN nanolamellae

To fully understand the formation mechanism of the periodic TiAIN nanolamellae from CVD,
it is necessary to determine the chemical composition of the nanolamellae. High spatial
resolution for the chemical analysis is necessary to study the nanolamella structure, which can
be implemented by analytical microscopy in STEM mode. The Ti and Al contents of the
Ti(AI)N and Al(Ti)N lamellae have been determined using STEM XEDS, as shown in paper 1.
However, considering the nonstoichiometric composition of Tii-xAlxNi.y, the N content is still
unknown. Due to the overlapping of N K, (392 eV) peak with Ti L, (452 eV) peak and limited
energy resolution of XEDS (~ 130 eV), it is very difficult to quantify N by XEDS. EELS is thus
planned to be used to determine measure the Ti and Al contents. A TiN sample with known
composition was used to calibrate the cross-section ratio of the Ti L3 and N K edges. For
accurate spectrum background subtraction and edge counts calculation, the energy dispersion
of the energy filtered camera will be calibrated by a standard NiO sample. In addition,
complimentary atom probe tomography (APT) experiments are planned to study the
composition of the nanolamella structure, and the results will be compared with those measured

by XEDS and EELS.

6.2 Rotation speed and nanolamella periodicities

By changing the gaseous supply of the precursors TiCls and AlCl;, TiAIN nanolamella coatings
with different periodicities can be synthesized. Another planned project is therefore to find out
the correlation between the nanolamella periodicity, the gas supply, and the coating growth rate.
In addition, the Ti(A)N/AI(Ti)N interfacial lattice straining pattern may be varied through
tuning the nanolamella periodicity. This may in turn influence the thermal instability and the
mechanical performance of the coatings, which also can be investigated, if time permits, in this

PhD project.
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