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Cutting tools are subject to extreme environment during processing, with high
temperatures and pressures. CVD coatings are used to increase lifetime and
performance of the WC/Co composite. Residual stresses in the coatings are
interesting as they may be destructive or constructive for the material during
operation. Blasting is used to change the as-deposited tensile stress to compressive.
The usefulness of X-ray diffraction (XRD) and nanobeam diffraction (NBD) for
characterization of strains in the different coating layers has been investigated. XRD
with different anode materials has been used to determine the macrostress in the
layers and an attempt was done to calculate the average microstrain and crystallite
size. NBD was used to study the microstrain within single grains of the different
materials. A specimen preparation method has been developed for the studied
samples using the FIB.
The XRD analysis shows that the measurement condition is of great importance
during stress measurements. The macrostress of the different samples show that the
ZrCN type coating is less stressed than the TiCN type coating after deposition. It is
also shown that the ZrCN type coating is less affected by the blasting. Determination
of microstrain and crystallite size from XRD needs further development.
The NBD is a good method to evaluate microstrain within single grains, or between
grains oriented in the same zone axis. The analyses show more strain within the
grains after blasting. The measurements indicate more strain variation in the Al2O3
layer in the TiCN system compared to the ZrCN system.
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Populärvetenskaplig sammanfattning
Restspänningar i CVD beläggningar på hårdmetallskär
Verktyg för bearbetning av hårda material utsätts för en extrem miljö, med höga temperaturer
och tryck som påfrestar verktyget. För att klara av denna påfrestning används hårdmetall som
vanligen består av två faser; volframkarbid och kobolt. Denna kombination ger materialet en
bra kombination av hårdhet och seghet.
För att ytterligare förbättra egenskaperna av skäret används olika typer av beläggningar.
Dessa bidrar till förbättrat förslitningsmotstånd, bättre korrosionsmotstånd, bättre vidhäftning
och termisk stabilitet. Dessa skikt tillverkas antingen genom att det önskade
beläggningsmaterialet kondenserar på substratets yta, physical vapour deposition (PVD), eller
genom att låta gaser reagera kemiskt för att skapa det önskade materialet, chemical vapour
deposition (CVD). Vid en CVD beläggning används höga temperaturer, vilket kan inducera
spänningar i materialet efter deponering. Detta sker eftersom att beläggningen begränsas av
substratet vid krympning under nedkylning. Spänningarna kan vara destruktiva eller
konstruktiva för beläggningen, där dragspänningar försämrar materialets motstånd mot
sprickbildning medan små tryckspänningar kan förbättra dess motstånd. Spänningarna
uppkommer på olika längdskalor i materialet, antingen över ett flertal korn (makrospänningar)
eller inuti enstaka korn (mikrospänningar). Då ett material är under spänning förändras dess
planavstånd, vilket möjliggör analyser med diffraktionsmetoder. De metoder som studerats i
detta projekt är röntgendiffraktion (XRD), med olika strålkällor, och nanobeam diffraktion
(NBD) i ett transmissionselektronmikroskop (TEM). Detta gjordes för skär med
TiN/TiCN/Al2O3/TiN och ZrCN/Al2O3 beläggningar på ett hårdmetallsubstrat. Bägge prov är
toppblästrade för att inducera tryckspänningar i materialet.
XRD är en icke-destruktiv metod för att analysera ett kristallint material. Interaktionsvolymen
ligger i mikrometerskala och både makro- och mikrospänningar kan analyseras. Genom att
göra mätningar med provet i olika vinklar fås en förskjutning av diffraktionstoppars position.
Makrospänning kan då härledas med kännedom om materialets elastiska egenskaper.
Mikrospänningar analyseras från breddningen av diffraktionstopparna.
NBD är också en diffraktionsmetod, men använder elektroner istället för röntgenvågor. Detta
görs i ett TEM, vilket medför en liten interaktionsvolym. TEM:et opereras i svepande läge
(STEM) med en svagt konvergent stråle som fokuseras till en diameter i nanometerskala.
Metoden används för att lokalt analysera små förändringar i planavstånd relativt en referens.
För att kunna analysera provet med TEM krävs ett elektrontransparent prov, vilket t.ex. kan
tillverkas med en fokuserad jonstråle (FIB) i ett svepelektronmikroskop (SEM).
XRD analysen visar att makrospänningarna förändras då materialet blästras. Tryckspänningar
induceras i Al2O3 lagret i TiN/TiCN/Al2O3/TiN provet och förminskad dragspänning erhålls i
TiCN beläggningen. I ZrCN/Al2O3 provet erhålles en lägre dragspänning i ZrCN
beläggningen jämfört med TiCN beläggningen i tidigare prov, men blästringens effekt på
skiktet är mindre. Ingen tryckspänning kan påvisas i ZrCN/Al 2O3 efter blästring, men en
förminskad dragspänning erhölls.

Analysen med koboltstrålning gav tryckspänningar i samtliga skikt före blästring, vilket är
oväntat med hänsyn till den termiska utvidgningen. Data har förklarats med en avvikelse från
eucentrisk höjd vid analys, vilket skulle kunna ge denna påverkan. Det har därmed
konstaterats att mäthöjden har stor betydelse vid analys av makrospänningar.
Metoden för uppskattning av mikrospänningar och kristallstorlek är osäker, troligtvis på
grund av förekomsten av många olika faser som gör det svårt att bestämma breddning på
topparna i diffraktogrammen. Vidare utveckling av denna metod bör göras på ett mindre
komplext material, med färre faser.
FIB användes för att tillverka passande prover för NBD analyserna. Redan under
provberedningen kunde det påvisas att materialen påverkats av blästringen, då det var svårare
att tillverka passande prover av dessa material. NBD analyserna visar mikrospänningar för
olika korn i de olika beläggningarna och är ett lovande komplement till röntgenanalyserna,
som vanligen används för bestämning av spänningar i olika material. Analysen indikerar en
större mikrospänning för de blästrade proverna samt att ZrCN/Al2O3 systemet påverkats
mindre av blästringen. Dessa resultat stämmer även bra överens med resultaten från
makrospänningsanalyserna med XRD.
Metoderna går att applicera till olika typer av material och ger en bra helhetssyn av provet.
Inga tecken på att det går att ersätta den ena metoden med den andra har kunnat påvisas i
projektet.
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Introduction

Cutting tool inserts are used for cutting, milling and turning of hard materials, such as metals
and ceramics. This is a very hostile environment where the cutting tool experience high
temperatures and stresses. Cemented carbide is often used because of the good combination of
hardness, toughness and wear resistance [1, 2, 3]. The material is also able to withstand plastic
deformation before rapture, when put under compressive stress [2]. To further increase the
lifetime and performance of cutting tool inserts, hard coatings are often applied to the cutting
tool inserts by chemical vapor deposition (CVD) or physical vapor deposition (PVD) [4].
Different thermal expansions between the coating and the substrate can induce extrinsic
residual stresses, especially in CVD, where relatively high temperatures during the deposition
processes are used. Intrinsic stress can be induced from the growth process. Residual stress in
the material can be either destructive or beneficial for the components. Tensile residual stress
tends to drag the material apart and thereby induce cracks which decreases the lifetime of the
cutting tool. While compressive stress, on the other hand, can prevent cracking of the material
which may increase the lifetime [4].
Different approaches have been developed to evaluate stresses in a material, using both X-ray
diffraction (XRD) and transmission electron microscopy (TEM). XRD is used to evaluate
both macro and microstress in a material in a nondestructive way whereas TEM is a
destructive method evaluating the microstress in a grain or across grains [5]. Both methods
measure deviations in the lattice plane spacing, from which the stress of a material is
calculated.

1.1 Objective
The subject of this thesis is to evaluate methods for residual stress measurements on macro
and micro scale using XRD and TEM. A comparison of the results will be made for different
coating systems on cemented carbide of WC/Co. For TEM analysis different specimen
preparation methods will be tested and compared. XRD measurements with different X-ray
energies will be compared, as well as using a 2D detector and a conventional line detector.
Two different coating systems consisting of multiple layers, see Figure 1, were investigated,
with respect to residual stresses after deposition as well as post-treatment. The first coating
(A1) consists of a TiN/TiCN/α-Al2O3/TiN layer combination and the second coating (B2)
consists of a TiN/ZrCN/α-Al2O3 layer, both deposited by CVD (process temperature around
1000 oC) on WC/Co inserts of the same geometry. Both inserts have been blasted on the rake
side, giving analysis on the flank and rake sides of the same insert. The blasted (rake) sides
are named A2 and B2, respectively.

A

TiN
α-Al2O3
Binding layer
TiCN

B

α-Al2O3
Binding layer

TiN

ZrCN
TiN

WC/Co

WC/Co

Figure 1. The different coating architectures analyzed in this thesis, (A) insert A and (B) insert B.
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2

Background

2.1 Cemented Carbide
The insert material need to be both hard and tough as well as having a good wear resistance,
due to the extreme environment the material is exposed to during cutting. A material that
works well in these conditions is tungsten-carbide/cobalt composites (WC/Co). WC/Co is the
most commonly used cemented carbide for cutting applications. A WC content of 88-96 wt%
is commonly used, but composites with 70-96 wt% WC are also commercially available [2].
The tungsten carbide, or α phase, provides the required hardness and wear resistance. The
structure is stable over high temperature ranges and consistently with a higher hardness than
steel, even though the hardness decreases with increasing temperatures [2]. Due to the
hexagonal structure of the carbide, the properties are orientation dependent with e.g. different
hardness for different planes [6, 3].
The binder (Co), β-phase, is a metallic phase with more ductile properties, increasing the
toughness. The wettability of WC by liquid Co binder is good, making it possible to form a
dense body by liquid sintering. The binder content is regulated together with the carbide grain
size to modify properties of the material [2].
Together with the WC/Co composite it is possible to use additives to further enhance specific
properties of the materials used for cutting tool inserts.

2.2 Coatings
For many applications the cemented carbide alone does not fulfill the required performance
for cutting processes. Different types of wears shorten the lifetime and limit the cutting speed,
whereby different coatings are used to enhance the properties of the tool. The coatings are
normally deposited using either CVD or PVD processes, which are described in detail
elsewhere, e.g. [7, 8, 9]. The thermal expansion coefficient of the coating materials are often
very different from that of cemented carbide, causing a mismatch of coating materials and
cemented carbide during cooling and stresses are induced in these materials [2, 10].
To produce inserts with the desired material properties, multiple coatings are often used in
order to fulfill all requirements. This multiple layer structure would give good adhesion to the
substrate, good wear resistance, thermal stability, oxidation resistance and good tribological
properties as well as a buffer layer for better compatibility of thermal expansions to reduce
residual stresses. This field of research has caught a lot of interest in metal cutting
applications [2].
During machining different types of wears at the rake and clearance side of the cutting tool
limits the lifetime, see Figure 2. Several coating materials can be used to handle different
types of wear, e.g. TiN shows better crater wear resistance than TiC, while TiC shows better
flank wear resistance [2]. Alumina is preferred at the rake side while other coatings such as
TiCxNyOz are preferred at the clearance side, due to the different wear mechanisms and
resistance. Decorative coatings, e.g. TiN, are sometimes used to make it easier to identify the
used edges of the tools [11].
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Figure 2. Different types of wear of a cutting tool after machining. Figure was taken from [12].

2.3 Residual stress
When a material is put under stress it will elongate or contract depending on the
characteristics of the stress. The stress can be calculated from the strain in a material by
Hooke´s law:
(1)
where E is Young’s modulus and ε the strain.
Residual stress is a stress that remains in the material, even when external load is released.
Residual stress can be caused by different processes. Either the stress is induced by posttreatment, such as shot peening or blasting, or it can be obtained during the coating process
and are known as extrinsic or intrinsic. During shot peening or blasting the material is
plastically deformed, causing residual stress as the plastic deformation makes the material
unable to release stress after the induced load is released [13]. Thermal stresses, i.e. an
extrinsic type of stress, can be induced during cooling from the process temperature to room
temperature. Thermal stress is given by [14]:
(2)
where Ec is Young´s modulus for the coating and ν c is Poisson´s ratio for the coating. αc and
αs are the thermal expansion coefficients for the coating and the substrate, respectively. T p is
the process temperature and Tr is room temperature.
Intrinsic stresses, also often referred to as growth residual stresses, usually vary over the film
thickness due to nucleation and growth modes, e.g. inter-granular stresses are induced due to
coalescence of grains during nucleation, and are a result of the developed microstructure of
the coatings [14].
The different kinds of residual stresses in a material, characterized depending on their range
scale, describe the total stress in a material. One type of residual stress,
, is macroscopic
and represents the average stress over many grains in the range of millimeters. Two types of
residual stresses are characterized as microscopic, but differ on their range scales. One of
8

them,
, is caused by variation of lattice spacing across a few grains. The second
microstress,
, is defined as the variation within a single grain caused by lattice distortions
such as dislocations or stacking faults [13]. An illustration of the different residual stresses is
given in Figure 3.

Figure 3. Illustration of the residual stress in a material, with both macroscopic and microscopic stresses present.
is the macroscopic stress,
the microscopic stress across a few grains and
the microstress within each
grain. Figure was taken from [13].

Methods to extract residual stress in a material from XRD and TEM measurements by
analyzing the change in d-spacing are described in section 2.5 and 2.6.2.4 respectively.

2.4 Diffraction
Diffraction is widely used to describe crystal properties of materials, using both X-rays and
electrons. The principles for both X-ray and electron diffraction are the same when
considering wave properties, but there are also a few differences [15]:




The wavelength of electrons is much shorter than the one for X-rays, giving rise to
more angles that satisfies Braggs’ law (larger radius of the Ewald sphere, see Figure
5).
Electrons interact with the whole atom, while X-rays only interact with the electrons
of the atom. This gives a stronger scattering behavior for electrons.

Diffraction can be explained by a wave that interacts with matter and is scattered in a
spherical pattern. The scattered, or diffracted, waves have the same phase as the incoming
wave and constructive interference occurs at certain diffraction angles. The angles for which
constructive interference occurs are given by Braggs’ law:
(3)
where n is an integer, λ the wavelength, dhkl the lattice plane spacing and 2θ the diffraction
angle. An illustration of Bragg diffraction is given in Figure 4, and in Figure 5 expressed with
the Ewald sphere.

9

Figure 4. Bragg diffraction, showing constructive interference of wave 1’,2’ and 3’ with different values of n.
With a change in interplanar spacing, d, the angle θ changes, which can be observed in a diffractogram. Figure
was taken from [16].

When considering electron diffraction the charged particles can interact with matter due to
strong electrostatic forces (Coulomb forces) which causes scattering. The term scattering
commonly refers to when a particle interacts with matter, while diffraction refers to the
interaction of waves with matter.
In reciprocal space the diffraction condition can be explained by the incoming and diffracted
wave vectors (k-vector), together with the reciprocal lattice vector (g-vector). Bragg
diffraction is obtained when the difference between the incoming and diffracted wave vectors
is equal to the reciprocal lattice vector, i.e.
(4)
where kD is the diffracted wave vector, kI the incoming wave vector and g the lattice vector.
Even though the Bragg condition is not fully met, i.e. K=g, there can still be diffraction spots
in the diffraction patterns. This is because in TEM a thin specimen is used, causing the
reciprocal lattice to occur as rods, rather than distinct spots. This together with the small
wavelengths of electrons makes it possible to observe many more diffraction spots in electron
diffraction compared to X-ray diffraction. If a circle with radius 1/λ is constructed in the 2D
reciprocal lattice so that it cuts the origin of the lattice (transmitted beam), each point that
intersects the surface of the circle will meet the Bragg condition and cause constructive
interference. If the points are rods, more of those will be cut by the sphere and cause
constructive interference even when Bragg condition is not fully satisfied, but with lower
intensity than when Bragg condition is fulfilled. This is illustrated in Figure 5 [15].
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Figure 5. Illustration of the Ewald sphere in a reciprocal lattice. The vector k I represents the incoming wave and
kD the diffracted. In this case no diffraction spot will occur, as the difference in k is not equal to g. Image was
taken from [15].

2.4.1 Kikuchi diffraction
Kikuchi lines occurs when an electron beam is inelastically and incoherently scattered in the
sample. This causes electrons to scatter in all directions. Those electrons can then be Bragg
diffracted by the crystal planes in the sample. As the electrons are scattered in all directions,
different incident k-vectors occurs on the planes, which gives rise to diffracted cones rather
than spots. This can be seen on the detector as lines, where the plane of the detector intersects
the diffracted cones. Those lines come in pairs, where one corresponds to the g-vector and the
other to –g. One is more intense than the background, seen as a white line in the pattern,
known as the excess line and one is less intense than the background, seen as a black line,
known as the deficient line. The Kikuchi lines are useful in many ways, providing
crystallographic information such as orientation and phase identification. A Kikuchi pattern is
also commonly used to orientate a sample in the transmission electron microscope to a certain
zone axis, as a change of the pattern is easily observed when tilting [15, 17].

2.5 Residual stress analysis by X-ray diffraction
XRD is a non-destructive method for determination of crystallographic phases and stresses in
materials. The method is phase sensitive, meaning that the stresses of a certain phase in the
materials are analyzed. When analyzing thin films, problems with texture, small diffracting
volumes and stress gradients can occur [4].
Information about both micro- and macrostrain can be obtained using XRD. Microstrain is
calculated from the broadening,
, of diffraction peaks, where both diffracting domain
(crystallite size) and strain contribute to the shape of the diffraction peaks. The θ dependence,
however, is not the same for both which makes it possible to isolate their contribution to the
broadening from each other [18]. The broadening of the diffraction peaks is given by the
equation:
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(5)
where the first term describes the broadening caused by crystallite size and the second term by
microstrain. K is a shape factor, λ the wavelength of the X-rays, Dmean the mean crystallite
size and ε the strain [18].
Macrostrain, which is characterized by a peak shift, is commonly evaluated using the sin2ψ
method, where ψ is the angle between the diffraction vector and the surface normal. The
sample is tilted around either the ω or the χ axis to change the angle ψ, or a combination of
both to keep a constant angle of incidence [19]. The definition of the sample and laboratory
coordinate systems and rotation axes are shown in Figure 6.

Figure 6. (a) Illustration of the sample and laboratory coordinate systems, where the laboratory system is
arranged so that L3 coincide with the diffraction vector. ψ is the angle between the surface normal (S3) and the
diffraction vector (L3), φ is the angle of rotation around the surface normal. Schematic was taken from [19]. (b)
Goniometer with definition of the different rotation axes. Schematic was taken from [13].

The stress in a material is expressed as a tensor, giving the stresses in the different directions
of the sample coordinate system. As measurements are made in the laboratory system, a
rotation for translation between the two coordinate systems is required to be able to relate the
stress tensor to the sample coordinate system [13]. The strain is analyzed for planes
perpendicular to the diffraction vector and as the sample is tilted, crystallites orientated in
different directions in the sample diffract and strain can be obtained. The measurement is
normally done with a fixed diffraction angle for a given hkl plane, which means that only for
certain planes the d-spacing is measured and correlated to the stress. Methods have, however,
been developed to increase the accuracy of calculated macrostresses by the use of multiple
reflections from different hkl planes [13, 20].
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When a material is experiencing stress, the lattice will elongate or contract giving a change in
inter-planar spacing. This change in lattice spacing will result in shifts of the diffraction
peaks, which can be seen in eq (1). The strain can be calculated from:
(6)
where dn is the strained lattice spacing and d 0 is the unstrained. From this relation the stress
can easily be calculated if the unstrained lattice spacing is known, although this is normally
not the case. Instead, the relative change within the sample or theoretical values for the
unstrained lattice spacing can be used [21].
For a biaxial stress state, i.e. there is no stress in the direction normal to the sample surface
(which is often assumed in the case of thin films), and a macroscopically isotropic material
without texture or stress gradient, the strain in a certain direction is given by a simplified
version of the fundamental equation of the X-ray stress analysis:

(7)
where

is the d-spacing of a given plane at the rotation angle φ (rotation around surface

normal) and tilt angle ψ.

is the stress free lattice spacing σ11, σ22 and σ12 are the stresses
hkl

parallel to the plane and S2

and S1hkl are the (hkl) dependent X-ray elastic constants (XEC)

[22].
Plotting dhφψl or εhφψl vs sin2 ψ gives a linear function, where the stress can be calculated from
the slope, as seen in Figure 7.
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Figure 7. The principle of a residual stress measurement by the
to the strain. Stress parallel to the surface is obtained from a
the lattice plane normal. Schematic was taken from [23].

method, with different planes contributing
plot. P3 is the sample normal and Nhkl is

Different approaches can be used when a biaxial stress state cannot be assumed, i.e. there is a
stress present in the direction of the sample normal. This can be done using the sin 2ψ-method
or a Fourier series [22]. As the information depth of X-rays is larger than the coating
thickness a biaxial stress state approximation is normally used.
2.5.1 Penetration depth of X-rays
The penetration depth of X-rays in a material has an impact on the stress analysis, as it
determines at which depth the material is analyzed. Variation of the wavelength, incident and
diffracted wave angles provide different penetration depths, giving analyzes of different
volumes [24].
For residual macrostress measurements by XRD, the sample is rotated around the ω or χ axes,
which causes a change in the angle between the diffraction vector and the surface, as well as
the incoming angle. This change will give different paths for X-rays in the sample, giving
different penetration depths. So the analyzed sample volumes are different for the different
angles [22, 21].
The penetration depth is calculated using a threshold on the intensity loss of the diffracted
wave, see equation (8). A commonly used definition is the so called “s in depth” which is
defined as the depth where the intensity of the diffracted wave reaches 1/e of the incident
wave. About 63% of the diffracted intensity originates from the depth τ1/e [24].
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The penetration depth depends on the energy of the incoming wave, as the absorbance in the
material is dependent on the energy of the incoming wave. The intensity of the wave
decreases exponentially when traveling through the material according to
(8)
where µ is the linear attenuation coefficient and x is the distance which the X-rays travel in
the material [21, 25]. The distance x depends on the angles of incoming and diffracted waves
and how much of the intensity is lost due to absorption. The wave propagation in the material
is described in Figure 8, with the angles α and β defining the angles between incoming and
diffracted wave and the sample surface, respectively.

Figure 8. Illustration of the path of the wave through a material, α and β are the angles of the incoming and
diffracted waves with respect to sample surface, respectively. The total distance the X-ray wave travels in the
material is given by x1 + x2.

A relationship between τ and the travelled distance of the wave can be described
trigonometrically as followed:
(9)
To calculate the penetration depth in a coating system, the coating thickness has to be taken
into consideration as the linear attenuation coefficients differs for the different layers in the
coating systems. The total loss of intensity can then be expressed as a combination of
attenuations in the different materials as:
(10)
where µi is the material dependent linear attenuation coefficient and xi is the distance travelled
in material i.
The penetration depths of the coating systems studied in this work are quite shallow. For
sample A, the skin depth is between 3-6 µm, depending on the diffraction angle and
inclination. The skin depth of sample B is between 3-8 µm depending on the diffraction angle
and inclination. This shows that most of the intensity comes from the surface of the sample.
The penetration depth is calculated using an excel spreadsheet produced during this work with
mass attenuation coefficients given in [26].
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2.5.2 Fluorescence
If the material analyzed has an absorption edge that is close to the energy of the X-ray,
problems can occur due to fluorescence of the material. The incoming X-rays with an energy
that is slightly higher than the absorption edge of the analyzed material can cause excitation of
electrons in the material. When the excited electrons then relax, X-rays is released with a
different energy than the incoming one, causing a large background in the diffractogram. This
effect is clearly observed for e.g. iron and cobalt analysis by copper radiation. To handle this
problem, different anodes can be used which generate X-rays with different energies [21].
In two-dimensional X-ray diffraction, an area detector is used giving information from a
larger fraction of the diffraction rings from the material compared with a conventional
detector. This is an advantage for samples in which the crystallite size is large, the diffracted
intensity is low or texture is present. The area detector also enables higher measurement speed
and accuracy [13].
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2.6 Electron microscopy
Electrons in electron microscopes are usually accelerated to energies of a few kV up to
hundreds of kV. The electron beam is then controlled to illuminate and analyze the sample.
The use of electrons for imaging gives better resolution than optical microscopes [27], making
it possible to analyze small fragments of a sample in great detail. The scanning electron
microscope (SEM) and transmission electron microscope (TEM) will be described in the
coming chapters, but first the general operation of an electron microscope will be described
briefly. In Figure 9, schematics of different electron microscopes are shown.

Figure 9. Schematics of the different electron microscopes, (a) scanning electron microscope, (b) transmission
electron microscope and (c) dedicated scanning transmission electron microscope [28].

At first an electron source is required to generate an electron beam. There are two different
types of sources commonly used: thermionic and field emission. The thermionic sources work
by thermally heating the anode material to overcome its work function, materials used are
either tungsten (W) or lanthanum hexaboride (LaB6). LaB6 has several advantages compared
to a tungsten source, involving higher brightness, better resolution due to a smaller spot size
and narrower energy distribution lowering the chromatic aberration. For the most advanced
applications, where the highest possible resolution is desired, a field emission gun (FEG)
source should be used. This source produces an even brighter beam than the thermionic LaB 6,
smaller spot size and more monochromatic energy [15, 27, 29].
The path of the electron beam has to be controlled to properly analyze the sample. This is
possible by the use of electromagnetic lenses, consisting of a wire coiled around a metal
cylinder. Within the cylinder there are soft iron pole pieces, which will get magnetized as a
current is applied to the wire. When the electrons travel through the bore of the pole piece
they will be deflected depending on the strength of the magnetic field, which is controlled by
the current. An example of an electromagnetic lens is shown in Figure 10. Further, apertures
are used to block electrons which are far away from the optical axis [27].
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Figure 10. Schematic of an electromagnetic lens, in this case the wire is made of copper and as a current is
applied in this wire the pole pieces get magnetized. The magnetic field in the bore is stronger closer to the soft
iron pole pieces, resulting in a stronger deflection of the electrons furthest away from the optical axis. Schematic
was taken from [15].

When electrons interact with the sample, different signals will be generated, including
secondary electrons, backscattered electrons and characteristic X-rays. These signals are
detected using different detectors, located at specific places in the electron microscope. Some
detectors are generally used for different microscopes, but some are situational and most
commonly used for a specific type of instrument. Backscatter electron detectors, for example,
are mostly used in a SEM.
2.6.1 Scanning electron microscopy
The scanning electron microscope (SEM) operates at voltages ranging from a few to tens of
kV. The electron beam is generated and controlled as described ovan. As the SEM operates
with a scanning focused electron beam across the sample, a special form of scanning coils are
used, which deflects the electron beam in x- or y-direction with the use of magnetic fields.
The interaction volume of the primary electron beam is in the range of a few micrometers,
depending on the material and energy of the electrons, however, the information depth can be
as low as a few nanometers or less depending on the signal detected. Figure 11 illustrates how
the electrons interact with matter and the origin of the different signals that are detected [27].
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Figure 11. Schematic of the electron interaction volume with a material and the indication of the information
depth for different signals detected in a SEM. Schematic was taken from [27].

2.6.1.1 Transmission Kikuchi diffraction
Transmission Kikuchi diffraction (TKD) is a diffraction technique that utilizes a conventional
electron backscatter diffraction (EBSD) detector, but in transmission mode. Keller and Geiss
[30] denoted this as t-EBSD, but as the detected electrons are not really backscattered
electrons, TKD is a more accurate denotation. As for the TEM, the specimen needs to be
sufficiently thin to allow electron transparency, making sample preparation more crucial for
TKD than conventional EBSD. The motivation for the technique, however, is the increased
lateral resolution compared to conventional EBSD, making it possible to analyze
nanostructures with higher accuracy. Nanostructures with grain sizes down to 10 nm have
been successfully characterized with this relatively new EBSD method. Keller and Geiss [30]
showed a connection between the resolution and interaction volume of the electrons with the
sample or specimen, which is lower in the case of transmission mode, as shown in Figure 12.
Lower energy distribution and higher average energy were also observed, which contributes
to the good resolution due to lower noise in the Kikuchi diffraction patterns [30].
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Figure 12. Illustration of the interaction volume for EBSD and t-EBSD (TKD) by Monte Carlo simulations. The
red and blue lines are electrons which are backscattered or transmitted (or absorbed in the case of EBSD),
respectively. The simulation was performed by Keller and Geiss [30].

2.6.2 Transmission electron microscopy
Transmission electron microscopes (TEM´s) operate at a relatively high voltage, commonly
ranging between 60-300 kV, and a thin specimen is needed to allow electron transparency.
There are different modes in the TEM: diffraction, transmission and scanning transmission
electron microscopy (STEM) [15]. The different imaging modes will be explained in more
detail in respective chapters.
2.6.2.1 Obtaining diffraction patterns
In diffraction mode the strength of the projection lenses are changed to project the diffraction
pattern instead of an image on the screen. There are generally two different diffraction
techniques, which uses a parallel or converging electron beam (CBED). When using a parallel
beam, electrons will diffract at certain angles and create a spot pattern in the image plane. To
obtain a diffraction pattern from a certain area of the specimen an aperture can be placed after
the specimen, in one of the imaging lenses image planes. This makes it possible to choose
from which area of the specimen to collect a diffraction pattern, also known as selected area
electron diffraction (SAED). With the use of a converging beam, however, the spots will
elongate and form discs in the diffraction pattern. CBED gives information from a smaller
part of the specimen than SAED as the beam is focused on a small area, giving a great benefit
for characterization of nanomaterials [15].
SAED is commonly used for selection of diffracted beam for imaging. When operating in
diffraction mode, an aperture can be placed in the back focal plane of the objective lens to
choose which diffracted beam to use for imaging. With the use of an aperture, it is possible to
switch to imaging mode, forming an image for a certain beam and thereby changing the
contrast. This makes it possible to image crystals of certain orientation in the specimen by
choosing the corresponding diffraction spot [15].
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2.6.2.2 Conventional TEM imaging
For conventional TEM (CTEM) imaging a parallel electron beam is used and a projection of
the specimen is made on a phosphorous screen or a charge coupled device (CCD) camera,
with the use of projection lenses located after the specimen. Apertures can be used in the back
focal plane, where electron beams diffracted in the same direction coincide, making it
possible to form an image with a set of diffracted or direct electrons. The term “direct” is used
for the electrons which are not diffracted in the specimen. A bright-field (BF) image is formed
by placing an aperture to only allow the direct beam (and electrons diffracted up to a certain
angle) to be detected. In a BF image lighter elements will become brighter due to the lower
scattering cross section. In a dark-field (DF) image an aperture is placed to make use of a
diffracted beam. This will make heavier elements brighter in the image. It is also possible to
image a certain set of lattice planes with the DF mode [15].
2.6.2.3 STEM imaging
STEM imaging can be seen as a combination of the CTEM and SEM. The microscope
operates in transmission but utilizes a scanning electron probe as in SEM. Two scan coil pairs
are used to achieve a constant illumination angle at the specimen and imitate the parallel beam
in a CTEM. There are two different kinds of microscopes for this purpose, either a TEM
equipped with scan coils, lens system to focus the electron beam and detectors to be able to
use in STEM mode, or a dedicated STEM which has no projection lenses after the specimen.
The detectors used for STEM imaging include a circular bright-field detector located at the
center of the optic axis, an annular dark-field (ADF) detector and a high angle ADF (or
HAADF) detector. Both the ADF and HAADF detectors are circular with a hole in the
middle, and located outside of the BF detector. In contrast to CTEM, where a specific
diffraction spot normally is chosen for imaging, most of the scattered electrons hit the darkfield detectors in STEM mode. This results in different contrast compared to CTEM,
especially when using the HAADF detector showing high Z-contrast.
2.6.2.4 Microstrain analysis by transmission electron microscopy
When using the TEM to analyze strain fields in a material, measurements are performed at the
nano-scale. As well as for XRD, a change in lattice spacing is measured. Different methods
can be used for analysis of strain fields in a material using TEM. CBED can be used for the
measurements, where the high order Laue zone lines (HOLZ) are utilized for the analysis.
This makes it possible to observe even small changes in lattice parameters. [31] When
analyzing dislocation and corresponding strain field with CBED and HOLZ lines, it is
necessary to simulate a CBED pattern which is matched to the one obtained experimentally to
estimate the stresses present. In highly strained regions HOLZ lines splitting occurs [32, 33].
Another method to analyze strain fields in a material was developed by Hÿtch [34] in late 20th
century, called Geometrical Phase Analysis (GPA). First of all a high-resolution TEM
(HRTEM) image is needed for the analysis of the displacements. From the image a Fourier
transform of the intensities is calculated, giving a pattern with sharp spots corresponding to
different lattice planes, due to periodicity in the crystal. Variations of the lattice parameter
give rise to diffuse spots in the pattern. A mask is placed to include a distinct spot and the
diffuse intensities around it, for two independent Bragg reflections. When performing an
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inverse Fourier transform thereafter, information about amplitude and phase are obtained. By
using the phase information and forming an image, information about dislocations and
corresponding strain fields can be calculated. To do this it is necessary to choose a reference
area in the phase image, which all lattice parameters will be related to. It is important that the
reference area shows constant strain for the measurements to be valid [35, 34].
For more detailed description of GPA, see reference [34, 35].
Even though the GPA method was first developed for interpretation of HRTEM images,
recently GPA was performed on HAADF-STEM images. The major benefit of using
HAADF-STEM instead of HRTEM is the less demanding specimen preparation. For HRTEM
the specimen needs to be very thin, preferably around 30 up to around 80 nm, but for
HAADF-STEM specimens can be as thick as 250 nm which greatly simplifies specimen
preparation. When performing strain field measurements this is an advantage as it will cause
less surface relaxation of the specimen, providing more accurate results. Another advantage is
that HAADF-STEM does not show different contrast depending on specimen thickness and
instrument parameters, making it easier to analyze the images [36].
It is also possible to utilize diffraction in STEM to analyze strain in a material. A region of
interest is chosen and electron diffraction patterns (EDP) are recorded in micro-probe mode.
For this method, as for GPA, a reference region is needed where the material is supposed to
be unstrained or at least of constant strain. The strain fields can then be extracted by
comparing the acquired diffraction patterns with the reference EDP and changes in d-spacing
can be calculated. Different diffraction spots, corresponding to different lattice planes, can be
used for calculation of the strain. The method is known as nanobeam diffraction (NBD) [37,
38].
When analyzing strain in grains with TEM it is necessary to prepare the specimens in a way
that there is no overlap between grains. If several grains overlap it is difficult to interpret the
image or diffraction pattern, as it contains information from all of those grains.

2.7 TEM specimen preparation
To make a sample suitable for strain measurements in (S)TEM the materials has to be thinned
to a thickness which makes it transparent to electrons. A problem that occurs during the
preparation is surface relaxation, causing the material to release stress and therefore lower the
amount of strain and inflecting the measurement. Another problem is that stress relaxation can
result in bending of the thinned area making further thinning impossible, if the specimen is
not destroyed. For analysis of strain fields it is necessary to keep in mind that the specimen
preparation may influence the measured strain. For thinner specimens, the surface relaxation
becomes more pronounced as the analyzed sample has a larger surface fraction. Thinner
specimens also bend more easily causing stress relaxation [33].
2.7.1 Conventional specimen preparation
For the conventional specimen preparation, the sample is first cut into a plate of several
hundred microns thickness using a diamond saw blade. An ultrasonic disc cutter (Gatan Inc.)
is used to make a half-circular specimen of the plate which will fit in the TEM sample holder
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(3 mm in diameter). Then the specimen is mechanically thinned by polishing to around 100
µm, followed by dimple grinding (Gatan Inc.) until reaching a few microns thickness. Lastly,
the specimen is polished with ions to make it electron transparent and ready for TEM
investigation [15].
2.7.2 Focused ion beam
Focused ion beam is used within a SEM, where a desired piece of the sample is cut out using
an ion beam. The area of interest is protected by depositing a coating, usually platinum,
before applying the ion beam to prepare the specimen. Focused ion beam is a relatively fast
method, with the benefit of being able to choose exactly which area of the sample to prepare
for analysis. Even though the conventional specimen preparation can give areas larger than
FIB preparation for bulk specimens, FIB is beneficial for cross section preparation [39] and
the thickness and region of interest is easier to control compared to conventional sample
preparation.
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3

Experimental

3.1 X-ray diffraction
The X-ray diffraction experiments were carried out using different Bruker D8 Discover
diffractometers equipped with different anode materials (copper and cobalt). For experiments
with CuKα radiation a two dimensional detector was used while a conventional position
sensitive detector (PSD) was used for CoKα radiation.
The instrument equipped with a Cu anode was used for 2θ/θ scans, operated with point focus
and a 0.5 mm collimator (no secondary optics). The 2D detector, as well as a rotating anode,
gives an increased intensity making it possible to use a smaller collimator without having to
increase the time of analysis. This makes it easier to analyze small areas of the sample, which
is of great value for cutting tools with more advanced geometry.
For determination of microstrain with the Bruker D8 Discover diffractometer with CoKα
radiation both the primary and secondary optics were set up with 2.5 o soller slits and line
focus. 2θ/θ scans were measured and the instrumental broadening determined using a CeO2
powder. The powder consists of large crystals which are assumed to be strain-free, making
strain and crystallite size contributions to the peak broadening negligible.
For macrostress measurement with the instrument equipped with a Co anode 2θ/θ scans were
recorded with point focus and a parallel beam (no secondary optics).
No sample preparation, more than ethanol cleaning, was performed for the XRD
measurements. The samples were mounted in the diffractometer using a double-sided tape.
For the measurements with CoKα radiation, a glass plate was placed under the sample to
reduce the background signal.
The phase analyses were performed with Panalytical’s software HighScorePlus. Macrostrain
analyses were performed using Bruker Leptos and Topas when peak overlap was significant,
i.e. for TiN and TiCN. Topas was also used for evaluation of microstrain and crystallite size.
The starting parameters used for the refinements can be seen in Table 1.
Table 1. Crystallographic parameters of all identified phases used as starting values for XRD analysis.

Compound
TiN [40]
TiCN [41]
Al2O3 [42]
WC [43]
ZrCN [44]

Space
group
225
225
167
187
225

a (Å)

b (Å)

c (Å)

α (o)

β (o)

γ (o)

4.2417
4.2864
4.7587
2.9062
4.640

4.2417
4.2864
4.7587
2.9062
4.640

4.2417
4.2864
12.9929
2.8378
4.640

90
90
90
90
90

90
90
90
90
90

90
90
120
120
90

The macrostress measurements were performed in the ψ-mode with varying ψ-angles up to
70o for CuKα and 60o for CoKα, with 2θ values corresponding to the different layers. The
angles showing low peak intensity were excluded from the evaluation and the X-ray elastic
constants for the different materials were taken from [23].
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3.1.1 Microstrain and crystallite size evaluation using Topas
A sample of CeO2 was analyzed for determination of the instrumental broadening. The data
was convoluted using different functions, involving Gaussian, Lorentzian and functions for
asymmetry (circles type convolution) of the peaks and broadening (hat type convolution) at
different angles. This convolution was performed to account for the instrumental broadening
to the diffractogram. After determination of the instrumental function from CeO2, a
diffractogram of the sample can be loaded and fit using different crystal structures. The fit
was performed using the fundamental parameter approach in Topas.

3.2 TEM specimen preparation
The aim was to acquire a region without induced cracks or bending of the thinned material,
whereby the least bent specimen was used for further analysis.
The specimen preparation for TKD and TEM analysis were done using different approaches.
First all the samples were cut into plates with a thickness around 350 µm and then into half
circular discs with 3 mm diameter using an ultrasonic disc cutter (Gatan Inc.). The specimens
were glued on to a metallic cylinder to fit into a disc grinder for polishing. The specimens
were polished from both sides using both 9 µm and 1 µm diamond paste. The target thickness
after grinding with 9 µm diamond paste was around 100 µm. Thereafter 30-40 µm of the
material was removed from both sides using a 1 µm diamond paste to minimize the amount of
damaged material. Williams and Carter [15] state that the damage induced by polishing is 3x
the size of the grains used for polishing, so for the 9 µm grains damage up to 27 µm in the
surface is introduced. This is why the samples were polished 30-40 µm using 1 µm grains.
Until this step all the specimens were prepared in the same way.
3.2.1 Focused ion beam
The specimens were prepared in a Dualbeam Helios Nanolab 650 (FEI Company). The region
of interest was protected by depositing a layer of platinum. At first a thin layer (around 0.2
µm) of electron assisted Pt deposition was applied, followed by a thicker layer (around 2 µm)
of ion beam deposited Pt. The electron beam assisted Pt deposition is used to minimize ion
beam damage to the specimen [45]. A schematic of where the deposition was done is shown
in Figure 13.
Pt protection

Figure 13. Schematic of the Pt deposition on the specimen, “window” preparation in the DualBeam.

After protective layer deposition, the specimens were thinned in the region of interest to
create electron transparent “windows” using a Ga+ ion beam assisted by XeF2 to minimize
redeposition of sputtered material. The thinning was performed at a Ga+ energy of 30 kV
followed by a low kV-cleaning at 5 kV to remove amorphousized material at the surface. As a
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first step prior the thinning, excessive material beside the deposited Pt layer was removed,
using a starting current of 47 nA, going down to 2.5 nA coming closer to the Pt layer.
Thinning of the “windows” was then performed by different currents and tilts of the
specimen, as well as size of the window.

3.3 Transmission Kikuchi diffraction
The prepared TEM specimens were analyzed with TKD to map the grains and their
orientations. The measurements were performed in a DualBeam Helios Nanolab 650 (FEI
Company) equipped with an EBSD detector (Oxford Instrument NordlysMax2) in
transmission mode. The measurements were performed at different acceleration voltages and
currents with a specimen tilt of -20o, as illustrated in Figure 12. Data were analyzed with
AZtec and pattern identification optimized by amount of observable Kikuchi bands and
Hough resolution.

3.4 Transmission electron microscopy
The transmission electron microscope (TEM) used is equipped with a FEG operated at 200
kV. As the TEM is equipped with scan coils and lenses to focus the electron beam it is
possible to use STEM mode, opening up possibilities to evaluate EDPs at different locations
of the specimen and measuring strain. For measurements using STEM mode a weakly
converging beam was used to probe the specimen. The specimen was tilted to a zone axis
using a double-tilt (Gatan Inc.) specimen holder. The chosen region was then scanned and
EDPs recorded on the CCD camera. The data was later evaluated using FEI´s software True
Crystal Strain, as described nedan.
Energy filtered TEM (EFTEM) was used to obtain a map of relative thickness of the different
specimens.
For some of the specimens EDS analysis was used to characterize the composition of
abnormalities in the material.
3.4.1 Nanobeam diffraction
For nanobeam diffraction (NBD) the TEM was operated in STEM mode and set to microprobe mode, using a 20 µm C2 condenser aperture and a parallel beam. After acquiring an
image the intensity of the EDP on the CCD camera was controlled to avoid oversaturation.
For acquisition of EDPs either a region of interest (ROI) or line profile was chosen in TEM
imaging and analysis (TIA). A low current and relatively high integration time (1 s) were
chosen. For acquiring a line profile, a binning of 2x2 was used, resulting in EDPs of
1024x1024 pixels, while a 4x4 binning was used for the ROI map giving EDPs of 512x512
pixels. For data acquisition either a line or a rectangle was placed over the region of interest
and the number of data points was chosen. The number of data points was generally chosen to
adapt a step size around 10 nm.
3.4.2 True Crystal Strain software
For the determination of microstrain,
, the package True Crystal Strain software (FEI
Company) were used. To start with, the data including all EDPs were loaded and their quality
inspected. Any EDPs of low quality, i.e. showing double diffraction or low number of spots,
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were excluded from the analysis. One of the EDPs in the profile was chosen as a reference
and a microstrain profile was plotted relative to the reference EDP.
The procedure for obtaining a strain profile with the use of TIA and True Crystal Strain is
described in detail in the manual provided by FEI Company [46].
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4

Results

4.1 X-ray diffraction
The XRD measurements were performed with two different X-ray energies, as described in
section 3.1. The results from those measurements, i.e. phase analysis, macrostress, microstrain
and diffracting domain size will be presented in the following chapter.
4.1.1 Phase analysis
The phase analysis were recorded under ψ=0o tilt angle in the Bruker D8 Discover
instruments with CuKα and CoKα radiation.
Sample A1
It was possible to assign all reflections in the diffractograms of sample A1 to the different
coating phases present in the sample, namely α-Al2O3, TiCN, TiN as well as WC of the
cemented carbide substrate. The samples were measured with CoKα radiation (Figure 14) and
CuKα radiation (Figure 15). When using CoKα radiation it can be seen that the peaks become
more separated due to the different wavelength, which is beneficial for the strain
measurements.

A

222 TiN

119 Al2O3

1010 Al2O3

222 TiCN

110 Al2O3

111 TiN

111 TiCN

104 Al2O3

B

Figure 14. Phase analysis of sample A1 with CoKα radiation. (A) zoomed at 2θ=47o-52o and (B) zoomed at
2θ=71o-75o.
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200 WC
1010 Al2O3
222 TiCN
119 Al2O3
222 TiN

311 TiN

C

311 TiCN

113 Al2O3

200 TiCN

200 TiN

006 Al2O3

B
110 Al2O3

111 TiN

104 Al2O3

101 WC
111 TiCN

A

Figure 15. Phase analysis of sample A1 with CuKα radiation. (A) zoomed at 2θ=34o-39o, (B) zoomed at 2θ=40o45o and (C) zoomed at 2θ=71o-80o.

Figure 16. Phase analysis of sample A2 with CuKα radiation and zoomed at 2θ=34o-39o.
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111 TiCN

101 WC

104 Al2O3

Sample A2
All diffraction peaks were assigned to α-Al2O3, TiCN and WC in the substrate. The analysis
was only performed with CuKα radiation, because for the measurement with CoKα radiation
the complex geometry of the samples will give an uncertain background. The corresponding
diffractogram measured with CuKα radiation can be seen in Figure 16.

Sample B1
All the diffraction peaks in Figure 17 were assigned to the known phases in the sample,
ZrCN, Al2O3 and the substrate WC. For the analysis with CoKα radiation, however, all the
peaks except one were possible to be assigned to the known phases. The unassigned peak is
marked as n.id. in Figure 18 and is observed at 2θ=59.2o. The peak vanishes when tilting the
sample, giving rise to the assumption that it originates from an unknown phase deeper in the
sample.

Figure 17. Phase analysis of sample B1 with CuKα radiation.

Figure 18. Phase analysis of sample B1 with CoKα radiation.
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Sample B2
All the diffraction peaks in Figure 19 were assigned to the phases present in the sample,
namely ZrCN, Al2O3 (from the coating) as well as WC from the cemented carbide substrate.
This sample, as well as sample A2, was only analyzed using CuKα radiation.

Figure 19. Phase analysis of sample B2 with CuKα radiation.

4.1.2 Macrostress
Macrostress in the different layers were measured using the sin 2ψ method and the results for
respective sample are presented in the following chapter. ψ angles showing low intensity due
to crystal orientation in the sample were excluded from the evaluation. A misplacement from
eucentric height gives an error in the measured stress, but it is still possible to compare the
different samples relative to each other.
Sample A1
The measurements of macroscopic stress by CuKα radiation generally show tensile stress for
the different layers before blasting. The results for macrostress measurements of sample A1
with CuKα and CoKα radiation can be seen in Table 2 and Table 3, respectively. When
comparing the resulting residual strain measurement for the two radiations the CuKα radiation
analyses shows tensile stresses in the layers, while the stresses are of compressive layers for
analyses by CoKα radiation.
The TiN and TiCN peaks are more separated for CoKα radiation compared with the CuKα
radiation. The peaks were fit using Topas, giving corresponding lattice plane spacings for the
two layers. The more separated peaks in the case of CoKα radiation is of advantage during the
fitting process. However, the resulting stress for the TiCN layer is compressive when
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measured with CoKα radiation, which is unexpected due to the larger thermal expansion
coefficient of TiCN compared to the cemented carbide substrate.
For the measurement by CuKα, seen in Table 2, the TiN layer shows stress of 648 MPa for
the (200) planes and 403 MPa for the (220) planes. The Al2O3 layer shows stress of 1427 MPa
for the (024) planes and 1369 MPa for the (116) planes. The TiCN layer shows stress of 2300
MPa for the (200) planes and 1380 MPa for the (220) planes. Lastly WC in the cemented
carbide substrate shows stress of 1380 MPa for the (101) planes, 471 MPa for the (110) planes
and 81 MPa for the (201) planes.
Table 2. Macrostress values for the different layers in sample A1. Measurements are performed with a CuKα
radiation and a 2D detector with the conventional sin2ψ-method.

Al2O3

700

1600

600

1400

500

1200

400

200

300

220

200

Stress (MPa)

Stress (MPa)

TiN

800

024

600

116

400

100
0

1000

200
0

Reflecting plane

TiCN

Reflecting plane

WC

2500

1600
1400
1200

1500
200

1000

220

Stress (MPa)

Stress (MPa)

2000

1000

101

800

110

600

201

400

500

200
0

0

Reflecting plane
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Reflecting plane

Table 3. Macrostress values for the different layers in sample A1. Measurements are performed with CoKα
radiation and a PSD detector using the conventional sin2ψ-method.

TiN

Al2O3

0

0
-200

-2000
200
-3000

220

Stress (MPa)

Stress (MPa)

-1000

-4000
-5000

-400
-600

-1200
-1400

Reflecting plane

Reflecting plane

WC
0
-1000

200
220

Stress (MPa)

Stress (MPa)

300

-1000

TiCN
0
-1000
-2000
-3000
-4000
-5000
-6000
-7000
-8000
-9000

116

-800

-2000
101

-3000

110

-4000
-5000
-6000

Reflecting plane

Reflecting plane

Sample A2
Sample A2 was measured with CuKα radiation and the results are presented in Table 4. The
TiN layer was excluded as it is only seen as a shoulder on the TiCN peaks. On the rake face,
the top TiN layer was removed by the blasting. The Al2O3 layer shows that compressive stress
of -484 MPa for the (024) planes and -362 MPa for the (116) planes has been induced by the
blasting. The TiCN layer underneath still shows tensile stress, 1392 MPa for the (200) planes
and 951 MPa for the (220) planes. For the substrate, only a change can be observed for the
(101) plane to 897 MPa, while the other remains unchanged.
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Table 4. Macrostress values for the different layers in sample A2. Measurements are performed with CuKα
radiation and a 2D detector with the conventional sin2ψ-method.

Al2O3

TiCN

0

1600
1400

-100

024

-300

116

-400

Stress (MPa)

Stress (MPa)

1200
-200

1000
800

200

600

220

400
-500
-600

200
0

Reflecting plane

Reflecting plane

WC
1000

Stress (MPa)

800
600

101
110

400

201
200
0

Reflecting plane

Sample B1
The stress state of sample B1 measured with CuKα radiation can be seen in Table 5. All
layers show a tensile stress state. The Al2O3 layer shows stress of 2285 MPa for the (012)
planes, 1596 MPa for the (024) planes and 1328 MPa for the (116) planes. The stress state of
ZrCN shows 2181 MPa for the (111) plane and 887 MPa for the (220) planes. For the WC
substrate stresses of 1230 MPa for (101) planes, 413 MPa for the (110) planes and 796 MPa
for the (111) planes.
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Table 5. Macrostress values for the different layers in sample B1. Measurements are performed with CuKα
radiation and a 2D detector with the conventional sin2ψ-method.

ZrCN

2500

2500

2000

2000

1500

012
024

1000

116

Stress (MPa)

Stress (MPa)

Al2O3

500
0

1500
111
1000

220

500
0

Reflecting plane

Reflecting plane

WC
1400

Stress (MPa)

1200
1000
800

101

600

110

400

111

200
0

Reflecting plane

Table 6 shows the stress calculated from the diffraction pattern recorded with CoKα radiation.
The stress is very different compared to that of CuKα radiation, as a compressive stress is
obtained. This is unexpected as the thermal expansion coefficient is larger for the layers than
the substrate, which would result in a tensile stress for the as-deposited coatings.
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Table 6. Macrostress values for the different layers in sample B1. Measurements are performed with CoKα
radiation and a PSD detector with the conventional sin2ψ-method.

Al2O3

ZrCN

0
-100
-300
-400

116

-500

300

Stress (MPa)

Stress (MPa)

-200

-600
-700
-800

Reflecting plane

0
-500
-1000
-1500
-2000
-2500
-3000
-3500
-4000
-4500

111

220

Reflecting plane

WC
0

Stress (MPa)

-500
-1000
-1500

101

-2000

110

-2500
-3000
-3500

Reflecting plane

Sample B2
Sample B2 was analyzed by CuKα radiation and stress results for the different layers are
shown in Table 7. The Al2O3 layer shows stress of 1175 MPa for the (012) planes, 1083 MPa
for the (024) planes and 1031 MPa for the (116) planes. The stress state of ZrCN shows 1917
MPa for the (111) plane and 900 MPa for the (220) planes. For the WC substrate stresses of
1449 MPa for (101) planes, 347 MPa for the (110) planes and 793 MPa for the (111) planes.
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Table 7. Macrostress values for the different layers in sample B2. Measurements are performed with CuKα
radiation and a 2D detector with the conventional sin2ψ-method.

Al2O3

ZrCN

1400

2500

2000

1000
800

012

600

024

400

116

Stress (MPa)

Stress (MPa)

1200

111
1000

220

500

200
0

1500

0

Reflecting plane

Reflecting plane

WC
1600

Stress (MPa)

1400
1200
1000

101

800

110

600

111

400
200
0

Reflecting plane

4.1.3 Microstrain and grain size
Sample A1
The diffractogram for CeO2 obtained by CoKα radiation is shown in Figure 20. The
instrument broadening was refined for a whole powder pattern fit (WPPF) and values are
given in Table 8.
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Figure 20. Diffraction pattern of CeO2 as measured with CoKα radiation for determination of the instrumental
broadening required for the microstrain analysis.
Table 8. Convolution functions with values obtained for the instrumental broadening to diffraction peaks.

Convolution
function
Value

Lorentzian,
1/cos(θ)
0.045740

Hat,
Constant
0.00077

Gaussian,
sin(2θ)
0.0704325

Circles,
1/tan(θ)
0.08034933

After determination of the instrumental broadening from CeO2, a diffractogram of the sample
can be loaded and a fit using different crystal structures can be performed. The diffractogram
of sample A1 measured with CoKα radiation is shown in Figure 21 together with the fit of the
different phases, i.e. Al2O3, TiCN, TiN and WC. The fit were performed using the
fundamental parameter approach in Diffracplus Topas. Due to peak overlap it is difficult to do
an accurate fit to the data and results in large errors for the calculated microstrain and
diffracting domain size. From the planview SEM characterization, the grain size of the layers
appear rather large (m range) giving rise to the assumption that broadening of diffraction
peaks should mainly be a result of microstrains in the material. The resulting strain and size
from the XRD analysis are summarized in Table 9, with values given when taking both strain
and size contribution into account or isolating one of the two parameters from line
broadening. The resulting strain is relatively low, shown by the calculated data.
A peak fit has also been performed using only one lattice plane, giving the average
microstrain for this plane as well as the diffracting domain size. The fit was performed for the
TiN and TiCN (200) and Al2O3 (116) peaks and the results are shown in Table 10. The
broadening is significant for TiN and TiCN and according to the calculations from Topas it
originates mainly from relatively small diffracting domains. The calculated microstrain
values, however, are low values in the order of 0.1%. From TKD analysis the grain size
appears to be larger than the one calculated from XRD data. This can be an effect of defects
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inside the grains, giving rise to many small diffracting domains inside each visible grain. It
could also be an error from the fit of experimental data.
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1000
0
35

45

55

65

75
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Figure 21. Peak fit of experimental data of sample A1 measured with CoKα radiation for microstrain and
crystallite size evaluation.
Table 9. Data obtained for calculation of crystallite size and microstrain of sample A1 measured with CoKα
radiation, using a WPPF giving the average strain and size.

Phase

Only size

Only strain

TiN
Al2O3
TiCN
WC

22 nm
4.5 um
49 nm
35 nm

0.00122
0
0.00047
0.00089

Size & strain (strain
calculated)
0.00105
0
0.00012
0.00028

Size & strain
(size calculated)
155 nm
4.5 m
49 nm
34 nm

Table 10. Calculation of crystallite size and microstrain for sample A1 measured with CoKα radiation. The data
were fit using individual peaks and extracting size and strain.

Phase

Only size

Only strain

TiN (220)
TiCN (220)
Al2O3 (116)

28 nm
27 nm
4.49 um

0.0008
0.0013
0

Size & strain (strain
calculated)
0.0006
0.0009
0

Size & strain
(size calculated)
300 nm
47 nm
4.47 um

The fit to the experimental data for the calculation of crystallite size and microstrain
comprised large errors, most likely due to the overlap of diffraction peaks making it difficult
to determine an accurate width of the peaks. Therefore no further calculations were performed
for the other samples and for further method development it is recommended using a less
complex sample, e.g. only the substrate.
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4.2 Specimen preparation
Specimen one, A1.1, after mechanical polishing was so thin that it broke, why it was put onto
a TEM grid before ion polishing in a GATAN Precision Ion Polishing System (PIPS). The ion
polishing was done at different voltages and angles of incidence, starting at 4 kV and an angle
of + 6o for the two ion guns and for final polishing, an ion energy of 2.5 kV and an incident
angle of + 4o were used.
Specimen two, A1.2, was dimple grinded with 3 m and 1 µm diamond paste from both sides
after being mechanically polished as described above. After dimple grinding the second side a
crack in the material was observed.
Specimen 3, A2, was only dimple grinded from one side to prevent formation of cracks in the
material
Specimens A1.2 and A2 were approximately 15 µm thick after dimple grinding and were
further prepared in the FIB to achieve electron transparency, as described in section 3.2.1. The
FIB specimen preparation was used because for the sample prepared using the PIPS the
material was destroyed. The large area thinned by PIPS also increases stress relaxation.
Specimens B1 and B2 were around 15 m thin after the mechanical polishing step. This is
thin enough to avoid dimple grinding.
Sample A1
The specimen is stabilized by the thicker area around it avoiding bending and stress
relaxation. Different widths of the windows are used to avoid damage of the thinned material,
in form of cracking and bending. The parameters used during thinning are summarized in
Table 11 and the specimen before and after thinning is shown in Figure 22.
Table 11. The settings used during thinning of specimen A1.2 in the DualBeam.

x-size (µm)

Tilt (o)

Current (nA)

17.5
15
12.5
10
7.5
5

+2
+2
+ 1.5
+ 1.2
+1
+1

0.79
0.79
0.21
0.21
0.080
0.080
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Thickness after etch
(nm)
~1400
~1000
~700
~500
~200
~100

B

A

Figure 22. SEM images of specimen A1.2, (A) before and (B) after FIB specimen preparation.

Sample A2
During thinning of the specimen, different approaches were used. At first varying currents
were used to thin a wide window (20m in width). During thinning bending occurred,
resulting in a misplacement of the thinned material relative the ion beam damaging the
thinned and bent material as can be seen in Figure 23A.
For thinning of a second window a large area (20m wide) was first thinned to a thickness of
around 1 m, followed by a smaller area (4m wide). This, however, also resulted in bending
of the thinned material, as seen in Figure 23B.
The third window was prepared similar to the second window, but with decreasing width of
the small window as it got thinner. As for the second window, this also caused bending. A
SEM image of the thinned material can be seen in Figure 23C.
For the fourth window the width was continuously decreased as the specimen was thinned.
This stabilized the material, significantly decreasing the bending. This window could be
thinned to electron transparency without breaking or bending, and was used for the TEM
investigation. The final window can be seen in Figure 23D. The settings used for preparation
of the fourth window are found in Table 12.
Table 12. The settings used for thinning of specimen A2 in the DualBeam.

x-size (µm)

Tilt (o)

Current (nA)

15
10
7.5
5
4
3
2

+ 2.5
+ 2.5
+ 2.5
+2
+2
+2
+ 1.5

2.5
2.5
2.5
0.79
0.43
0.43
0.080
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Thickness after etch
(nm)
~1900
~1400
~1100
~1000
~700
~300
~100

A

B

C

D

Figure 23. SEM images of four different windows in specimen A2.

Sample B1
The specimen was thinned in the same way as specimen A1.2. With width of the window
continuously decreasing as the material got thinner. The parameters used are shown in Table
13. The thinning was stopped at a final thickness of around 300 nm as a hole in the cemented
carbide was observed. The window can be seen in Figure 24.
Table 13. Settings used for thinning of specimen B1 in the DualBeam.

x-size (µm)

Tilt (o)

Current (nA)

17.5
15
12.5
10
7.5

+ 2.5
+ 2.5
+ 1.5
+ 1.5
+ 1.5

2.5
2.5
0.21
0.21
0.080
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Thickness after etch
(nm)
~1000
~600
~500
~400
~300

Figure 24. SEM image of specimen B1 after FIB preparation.

Sample B2
Specimen B2 was prepared similar to the earlier samples, but the tilt angles were smaller as
the bottom part got thinned faster than the top. When preparing the specimen, bending
occurred similar as for specimen A2 making it difficult to obtain an electron transparent
sample. The parameters for preparation or specimen B2 are summarized in Table 14. The
final window can be seen in Figure 25.
Table 14. Settings used for thinning of specimen B2 in the DualBeam.

x-size (µm)

Tilt (o)

Current (nA)

15
10
7.5
5
4
3
2.5
2

+2
+2
+2
+2
+ 1.5
+ 1.2
+ 1.2
+1

2.5
2.5
2.5
2.5
0.43
0.080
0.080
0.040
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Thickness after etch
(nm)
~1900
~1800
~1400
~1000
~700
~600
~400
~150

Figure 25. SEM image of specimen B2 after FIB preparation.

4.3 Transmission Kikuchi diffraction
The least bent “windows” were used for TKD analysis and the results will be presented in the
following chapter. The analyses were used for grain localization in the specimens.
Sample A1
TKD maps of Al2O3 and TiCN for specimen A1.2 are shown in Figure 26 and Figure 27
respectively, where (A) shows band contrast and (B-D) the z-, x- and y- orientation maps.
Here x-direction is horizontal, y- direction vertical and z- direction out of the x-y plane, i.e. y
is the growth direction. The grains in the specimen are easily located and the analysis served
as a first overview of the specimen.
The TKD analysis shows relatively large, elongated grains along the growth direction for both
Al2O3 and TiCN, but smaller dimensions in the plane of the sample. The grain size, however,
is rather small at the nucleation sites and increases as the layers grow thicker. It can be seen
from the maps that the Al2O3 coating consists of larger grains than TiCN. A hit rate of 87.5 %
was achieved for Al2O3, mainly leaving the grain boundaries unidentified. In the case of TiCN
the hit rate was only 71.6%, but as the grain size is smaller and therefore giving a higher
fraction of grain boundaries this is expected. The binding region is also analyzed in the TKD
map of TiCN, contributing to the higher amount of unidentified orientations. An acceleration
voltage of 30 kV and an electron current of 1.6 nA was used for the analysis.
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A

B

C

D

Figure 26. TKD maps of Al2O3 in specimen A1 showing (A) band contrast and (B-D) the orientation maps in z,x- and y- directions respectively. Maps are acquired using a conventional EBSD detector in transmission mode
at a specimen tilt of -20o and 25nm step size. An acceleration voltage of 30 kV and an electron current of 1.6 nA
was used with an acquisition time of 100 ms, averaging over 2 frames. For the Al2O3 layer a Hough resolution of
75, detection of 10 bands and 58 reflectors were used.

A

B

C

D

Figure 27. TKD maps of TiCN in specimen A1 showing (A) band contrast and (B-D) the orientation maps in z,x- and y- directions respectively. Maps are acquired using a conventional EBSD detector in transmission mode
at a specimen tilt of -20o and 15 nm step size. An acceleration voltage of 30 kV and an electron current of 1.6 nA
was used with an acquisition time of 100 ms, averaging over 2 frames. For the TiCN layer a Hough resolution of
80, detection of 9 bands and 62 reflectors were used.
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Sample A2
TKD maps of specimen A2 with Al2O3 at the top, TiCN at the bottom and with a binding
layer in between are shown in Figure 28, where (A) shows band contrast and (B-D) the z-, x-,
and y- orientations. The x-direction is horizontal, y- direction vertical and z- direction out of
the x-y plane, i.e. y is the growth direction. The maps show rather large grain size for the
Al2O3 layer, especially in the growth direction. The grain size is smaller at the nucleation
sites, close to the binding layer, and grows larger along the coating thickness. The TiCN layer
shows small grain size in the x-y plane, but larger along the growth direction.
The hit rate for this analysis is, with 44 %, rather low which is explained by the large
analyzed area where the binding layer, bottom TiN layer and a region in the ZrCN show no
contrast. As before, the grain boundaries are left unidentified as well as the binding layer. An
acceleration voltage of 30 kV and an electron current of 1.6 nA was used for the analysis.

A

B

C

D

Figure 28. TKD maps of Al2O3 and TiCN in sample A2, showing (A) band contrast and (B-D) the orientation
maps in z-, x- and y- directions, respectively. Maps are acquired using a conventional EBSD detector in
transmission mode at a specimen tilt of -20o and 7.5 nm step size. An acceleration voltage of 30 kV and an
electron current of 1.6 nA was used with an acquisition time of 80 ms, averaging over 2 frames. For the
acquisition a Hough resolution of 80, detection of 10 bands and 58 and 62 reflectors for Al2O3 and TiCN were
used, respectively.

Sample B1
TKD maps of Al2O3 and ZrCN are shown in Figure 29 and Figure 30 respectively, where (A)
shows band contrast and (B-D) the z-, x-, and y- orientation maps. As earlier the x-direction is
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horizontal, y- direction vertical and z- direction out of the x-y plane, i.e. y is the growth
direction.
The Al2O3 maps in Figure 29 shows the same behavior as noted for sample A1 and A2, with
rather large grain size along the growth direction and smaller in the x-y plane. It can be seen
that the grain size is small at the nucleation sites and grows larger along the coating thickness.
The obtained hit rate of the Al 2O3 layer was 57.4 %, where grain boundaries and some areas
inside the grains are left unidentified. A lower acceleration voltage of 15 kV and an electron
current of 1.6 nA was used for the analysis. The lower acceleration voltage was used because
overexposure occurred at higher energies, making identification difficult.
The maps clearly show smaller grain size at the nucleation sites (closer to the WC/Co
interface). The hit rate was 60.0 %. An acceleration voltage of 25 kV and an electron current
of 1.6 nA was used for the analysis.

A

B

C

D

Figure 29. TKD maps of Al2O3 in sample B1, showing (A) band contrast and (B-D) the orientation maps in z-,
x- and y- directions respectively. Maps are acquired using a conventional EBSD detector in transmission mode at
a specimen tilt of -20o and 25 nm step size, with an acceleration voltage of 15 kV and an electron current of 1.6
nA. For the Al2O3 layer a Hough resolution of 90, detection of 10 bands and 58 reflectors were used.
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Figure 30. TKD maps of ZrCN in sample B1, showing (A) band contrast and (B-D) the orientation maps in z-,
x- and y- directions respectively. Maps are acquired using a conventional EBSD detector in transmission mode at
a specimen tilt of -20o and 25 nm step size, with an acceleration voltage of 25 kV and a current of 1.6 nA. For
the ZrCN layer a Hough resolution of 90, detection of 9 bands and 89 reflectors were used.

Sample B2
Figure 31 shows TKD maps of Al2O3 and ZrCN for sample B2, where (A) is band contrast of
Al2O3, (B-D) the z-, x- and y- orientation maps of Al2O3, (E) band contrast of ZrCN and (FH) the z-, x-, y- orientation maps of the ZrCN layer. It can be seen that the grain size of Al 2O3
(Figure 31A-D) is still rather large compared to the ZrCN (Figure 31E-H) layer underneath.
The grain size of the layers is larger along the growth direction than in the plane of the
sample, as for the other samples. It can also be seen that the grain size, is smaller at the
nucleation sites where the layers nucleate.
The Al2O3 layer was analyzed with an acceleration voltage of 18 kV and an electron current
of 1.6 nA. The achieved hit rate was 72.2 %, leaving mostly the grain boundaries unidentified.
The ZrCN layer was analyzed using an acceleration voltage of 30 kV and an electron current
of 3.2 nA and the achieved hit rate was 49.5 %.
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Figure 31. TKD maps of Al2O3 (A-D) and ZrCN (E-H) in sample B2. (A) band contrast of Al2O3, (B-D) z-, xand y- orientation maps, respectively, (E) band contrast of ZrCN and (F-H) the z-, x-, y- orientation maps of
ZrCN. Maps were acquired with a conventional EBSD detector in transmission mode at a specimen tilt of -20o,
with 20 nm and 5 nm step size for Al2O3 and ZrCN respectively. Maps (A-D) are acquired with 18 kV
acceleration voltage and an electron current of 1.6 nA, 100 ms integration time averaging over 2 frames. Maps
(E-H) are acquired with 30 kV acceleration voltage and an electron current of 3.2 nA, 50ms integration time
averaging over 2 frames. For the Al2O3 layer a Hough resolution of 90, detection of 9 bands and 58 reflectors
were used (B-D). For the ZrCN layer a Hough resolution of 90, detection of 9 bands and 77 reflectors were used
(F-H).
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4.4 Transmission electron microscopy
The TEM analysis will be presented in the following section. First an overview of the
different specimens from BF imaging will be made, followed by the microstrain analysis by
NBD.
4.4.1 TEM imaging
A 50 µm objective aperture was used for the TEM BF imaging of the different specimens.
For the EFTEM thickness maps the color scheme was set to temperature with contrast limits
of 0 to 3, blue corresponds the thinnest part of the specimen and white to the thickest.
Sample A1
Figure 32 is a TEM BF overview of the specimen A1.2, where (A) shows the Al2O3 and TiN
coatings and (B) shows the TiN, TiCN and the binding layer between TiCN and Al2O3. The
coating appearing bright in Figure 32A is the Al2O3 layer and the TiN layer appears darker,
due to the different scattering cross section. The deposited Pt protection layer is the dark area
at the top of the image. In Figure 32, as well as for TKD, it can be seen that the Al2O3 grains
(magnified TEM BF image in Figure 34D) are quite large. It is difficult to distinguish the
grain size of the top TiN coating (magnified TEM BF image in Figure 34E). Bend contours
can be seen implying that strain in the sample has (partly) relaxed, resulting in bending of the
crystal planes and changing the diffraction condition [15]. In the Al2O3 layer as well some
contours can be seen from bending, appearing as dark lines in the image indicating stress
relaxation. A crack is also clearly visible, as a bright line proceeding through the layers. In
Figure 32B the TiN coating at the bottom as well as TiCN and the binding layer are visible.
The grains of TiCN (see also Figure 34B) are rather small in the plane of the sample, as
shown earlier by TKD, and defects are present inside the grains. The very small grain size of
the bottom TiN layer can be seen in Figure 34A. The binding layer has a thickness of around
1 µm and is fine grained, as seen in Figure 34C. The binding layer consists of a TiCxNyOz
phase, which is used to control the texture of the Al2O3 layer.
Figure 33 shows the relative thickness of specimen A1.2. From image (A) it can be seen that
the Al2O3 layer show no significant thickness change. The TiCN layer, on the other hand,
show a slightly change in thickness, where the bottom part has a larger relative thickness than
the top.
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Figure 32. TEM BF images (50µm objective aperture) of sample A1.2 showing (A) TiN and Al2O3 and (B)
binding layer, TiCN and TiN.
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Figure 33. EFTEM relative thickness map of specimen A1.2 showing (A) Al2O3 at the top and TiCN at the
bottom and (B) TiCN at the top, TiN and the substrate WC/Co.
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Figure 34. TEM BF images (50 µm objective aperture) of specimen A1.2 showing (A) bottom layer TiN, (B)
TiCN, (C) binding layer, (D) Al2O3 and (E) TiN top layer.
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Sample A2
Figure 35 shows TEM BF images of specimen A2, where (A) is the bottom TiN layer, (B) the
TiCN layer, (C) the binding layer and (D) the Al2O3 layer. The TiCN layer show smaller grain
size in the plane of the sample and larger along the surface normal. Some defects can be seen
in the layer, with an increasing amount closer to the binding layer. Defects can be seen in the
binding layer as well as the rather small grain size. In the Al 2O3 layer a high amount of
defects can be observed and the grains cannot be localized.
A relative thickness map of the specimen is shown in Figure 36, where all the layers are
shown. At the top is the Al2O3 layer and the TiCN below, with the binding layer in between.
No large thickness variations within the layers are observed.
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D

Figure 35. TEM BF images (50 µm objective aperture) of specimen A2 showing (A) bottom layer TiN, (B)
TiCN, (C) binding layer and (D) Al2O3.
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Figure 36. EFTEM relative thickness map of
specimen A2 showing Al2 O3 at the top and TiCN at
the bottom with the binding layer in between.

3

0
Sample B1
Figure 38 shows TEM BF images of the different layers in specimen B1. (A) shows the
bottom layer of TiN at the substrate interface, which is around 0.5 m thick and shows a
small grain size. In (B) the ZrCN layer can be seen, which shows a columnar growth in
accordance with the TKD results. Some bend contours can be seen indicating a change of
diffraction condition due to bending of the crystal, resulting in stress relaxation. (C) depicts
the binding layer between ZrCN and Al2O3, which is a TiCN (with oxygen) layer of
approximately 1 m thickness. The change in contrast within the binding layer (brighter
closer to the ZrCN and darker closer to the Al 2O3) is explained by a different composition of
the carbonitride (see energy-dispersive X-ray spectroscopy (EDS) spectra in Figure 54). (D)
depicts the Al2O3 layer, which also shows bend contours indicating stress relaxation.
Figure 37 shows a relative thickness map of the specimen. Some variations can be seen within
the layers, where the top part in each layer appears to have a larger relative thickness
compared to the bottom.
Figure 37. EFTEM relative thickness map of
specimen B1 showing Al2O3 at the top and ZrCN at
the bottom with the binding layer in between.
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Figure 38. TEM BF images (50 µm objective aperture) of specimen B1 showing (A) bottom layer TiN, (B)
ZrCN, (C) binding layer and (D) Al2O3.

Sample B2
Figure 40 shows TEM BF images of specimen B2. (A) shows the layer closest to the
cemented carbide surface. The dark part at the top is the ZrCN layer and at the bottom the
substrate can be seen. Within the layer a contrast change can be seen (brighter close to the
substrate compared to the region close to the ZrCN layer). The brighter region are particles of
Al2O3 (see EDS analysis in chapter 4.4.2), giving rise to the different contrast. The ZrCN
layer in (B) shows columnar growth and some defects in the material. (C) shows the binding
layer between ZrCN and Al2O3. In (D) the Al2O3 layer is shown, with a high amount of
defects especially at the top part of the coating and no visible grains.
A relative thickness map of the specimen is shown in Figure 39. No large variations can be
seen in either of the layers. The relative thickness of the specimen is, however, larger than that
of specimen B1.
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Figure 39. EFTEM relative thickness map of
specimen B2 showing Al2O3 at the top and ZrCN at
the bottom with the binding layer in between.
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Figure 40. TEM BF images (50 µm objective aperture) of specimen B2 showing (A) bottom layer TiN, (B)
ZrCN, (C) binding layer and (D) Al2O3.
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4.4.2 STEM imaging and microstrain type III
The relative microstrain measurements are presented for respective specimen in the following
chapter. The color scheme for the strain field maps was set to temperature with contrast limits
of -0.02 and 0.02, where blue is compressive strain and red is tensile. I was not able to index
all obtained EDPs, but due to the use of different reference EDPs for the different analyses it
was not of high focus. However, the normal of the planes used for analysis are parallel to the
g-vector, giving the microstrain in different directions in the specimen.
Sample A1
In Figure 42 the relative microstrain for an Al2O3 grain which is located close to the surface of
the Al2O3 layer (close to the TiN interface) can be seen. Clear relative microstrain variations
within the analyzed grain were measured, as seen in Figure 42C, but no clear trend of relative
microstrain changes throughout the grain was observed. In Figure 32 bend contours can be
seen in the grain, indicating bending of the analyzed crystal shown in Figure 42A and some
stress relaxation. The EDP shown in Figure 42B was used as a reference from which the strain
was calculated. This specific EDP was chosen as the intensity is symmetric around the direct
beam and its position on the line is seen in Figure 42A. The relative microstrain plot shows a
strain variation along the analyzed region, indicating a higher variation further away from the
surface, closer to the nucleation site of the grain. Figure 41 shows the strain variation for an
analyzed region of the grain.
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0.02

-0.02

500 nm

Figure 41. Relative microstrain measurement of an Al2O3 grain in specimen A1.2; (A) STEM image, (B) is the
500 nm
relative microstrain in the (01)
direction, (C) in the (10) direction and (D) in the (11) direction.
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Figure 42. Relative microstrain measurement of an Al2O3 grain in specimen A1.2; (A) STEM image showing
the grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Figure 43 shows the relative microstrain measurement for another Al2O3 grain within the
coating, on the opposite side of the crack. The relative microstrain curve shown in Figure 43C
shows a lower variation compared to the previous grain shown in Figure 42, explained by the
more pronounced bend contours in Figure 43A which may be the result of a more pronounced
stress relaxation within this grain. The relative microstrain towards the top of the grain is not
calculated as the qualities of the diffraction patterns were low, due to overlapping diffraction
patterns originating from different grains.
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Figure 43. Relative microstrain measurement of an Al2O3 grain in specimen A1.2; (A) STEM image showing
the grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Figure 45 shows (A) the STEM image with the line marking the profile position, (B) the
reference EDP and (C) the relative microstrain profile for a third Al2O3 grain. As seen in
Figure 45A the grain is located next to the crack and the calculated relative microstrain plot
shows lower values compared to the calculated relative microstrain profile in Figure 42C, but
rather small values compared to the calculated relative microstrain profile in Figure 43C. This
may be explained by relaxation close to the crack, lowering the amount of microstrain in the
grain. This indicates that specimen preparation has a significant impact on the measured
microstrain in the material, as cracks or bending of the specimen allows for relaxation and,
thus, possible lower values compared to the original microstrain state of the bulk material.
However, the crack in this specimen most likely appeared during cooling after deposition.
Figure 44 shows relative microstrain maps of the grain for the same planes as in Figure 45.
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Figure 44. Relative microstrain measurement of an Al2O3 grain in specimen A1.2; (A) STEM image, (B)
relative microstrain along the
direction, (C) along the
direction and (D) along the
direction, respectively.
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Figure 45. Relative microstrain measurement of an Al2O3 grain in specimen A1.2; (A) STEM image showing
the grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Figure 46 shows (A) STEM image of the analyzed region, (B) the reference EDP and (C) the
relative microstrain profile of a fourth Al2O3 grain. The grain proceeds through the entire
thickness of the Al2O3 layer, making it possible to illustrate the relative microstrain variation
throughout the entire Al2O3 layer thickness. The calculated relative microstrain profile (seen
in Figure 46C) shows no significant relative variation throughout the entire Al2O3 layer
thickness, but that small fluctuations are present along the grain.

A

B

500 nm

C

Figure 46. Relative microstrain measurement of an Al2O3 grain in specimen A1.2; (A) STEM image showing
the grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Figure 47 shows the relative microstrain for a TiCN grain in the specimen. (A) is a STEM
image with a line marking the analyzed region, (B) is the reference EDP used for calculation
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of the strain in (C). No large differences can be seen in the strain for the
and
planes, but for the
plane more variations can be seen. The relative microstrain is
generally tensile for the entire grain compared to the reference.

A

B

500 nm

C

Figure 47. Relative microstrain measurement of a TiCN grain in specimen A1.2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Sample A2
Figure 48 shows relative microstrain measurements for specimen A2 along three different
directions in the crystal. Figure 48A shows the region analyzed and (B-D) the relative
microstrain maps for the
-,
- and
- directions, respectively. It can be seen
in Figure 48B that the relative microstrain of the
planes is tensile with slightly
variations through the entire grain. Figure 48C shows the relative microstrain of the
plane, where a slightly tensile strain can be observed with variations in the whole grain.
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Figure 48D shows the strain of the
plane, where a change from tensile stress at the
bottom of the analyzed region to a compressive strain state in the center can be observed.

A

B

C

D

0.02

-0.02

500 nm

Figure 48. Relative microstrain measurement of an Al2O3 grain in specimen A2; (A) STEM image, (B) is the
relative microstrain along the
direction, (C) along the
direction and (D) along the
direction, respectively.

Figure 49 depicts the relative microstrain profile along a line in the Al 2O3 grain shown in
Figure 48 with (A) a STEM image where the analyzed line is marked and the reference
location, (B) the reference diffraction pattern and (C) the calculated relative microstrain. The
results show the same behavior as the earlier relative microstrain map. The relative
microstrain of the
plane is tensile and varies along the line, the relative microtrain in
the
plane varies around 0. For the
plane the relative microstrain is mostly
compressive and varies along the analyzed region as well. The relative microstrain for this
plane also varies more along the line, which can also be seen from the map in Figure 48D.
The grain is oriented in the same zone axis for Figure 48 and Figure 49, but different
reference EDPs were used for the relative microstrain measurements which can cause a
difference in calculated relative microstrain for the profiles.
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B

200 nm

C

Figure 49. Relative microstrain measurement of an Al2O3 grain in specimen A2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

In Figure 50 the relative microstrain measurement for another grain in specimen A2 is
presented, where (A) is a STEM image, indicating the analyzed area in the Al 2O3 grain. (B) is
the strain of the
plane, (C) the strain of the
plane and (D) of the
plane
compared to a reference EDP taken from position marked in (A). Figure 51C shows the
relative microstrain profiles for three different directions along the grain shown in Figure
51A. The relative microstrain is rather different in the different directions, where
shows compressive strain, but with some variations as seen in Figure 51C. The other analyzed
directions show mostly tensile strain, also with variations inside the grain.
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200 nm

Figure 50. Relative microstrain measurement of an Al2O3 grain in sample A2; (A) STEM image, (B) relative
microstrain strain along the
direction, (C) along the
direction and (D) along the
direction.
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Figure 51. Relative microstrain measurement of an Al2O3 grain in specimen A2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).
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In Figure 52 the relative microstrain of a TiCN grain can be seen. However, the standard
deviation is large in this measurement, especially at the bottom part of the grain. This explains
the high variation in the relative microstrain for the grain seen to the left in Figure 52C. The
restricted area which could be thinned to electron transparency, as well as a rather small grain
size of TiCN, made it difficult to tilt to a zone axis for a region without overlapping grains.

B

A

500 nm

C

Figure 52. Relative microstrain measurement of a TiCN grain in specimen A2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Sample B1
EDS
Figure 54 shows EDS spectra for specimen B1, in the ZrCN layer and the binding layer. The
specimen was analyzed at three different locations, one in the ZrCN coating and two different
locations in the binding layer, as seen in Figure 53. The analysis shows that Zr, C, and N are
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present in the ZrCN coating while Ti, C, N and traces of O were found the binding layer. The
binding layer shows a varying composition, with a higher amount of N close to the ZrCN
layer.

(3)

(2)

(1)

200 nm

Figure 53. STEM image of the binding layer with the three regions analyzed by EDS marked. Mark (1) is in the
ZrCN layer, mark (2)in the bottom part of the binding layer and mark (3) in the top part of the binding layer.

Ti

N

Zr

C

Ti
O

Figure 54. EDS spectra from the ZrCN layer and binding layer of specimen B1. The green curve corresponds to
the ZrCN coating and the blue and red to different parts of the binding layer as shown in Figure 53.
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Microstrain
Relative microstrain measurement for an Al2O3 grain are shown in Figure 55, where (A) is a
STEM image marking the analyzed region, (B) is a relative microstrain map for the
direction, (C) a relative microstrain map for the
direction and (D) a strain map for the
direction. The relative microstrain is low, varying around zero, although fluctuations
within the grain are present, depending on the direction.
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Figure 55 Relative microstrain measurement of an Al2O3 grain in specimen B1; (A) STEM image, (B) the
relative microstrain along the
direction, (C) along the
direction and (D) along the
direction.

In Figure 56 a relative microstrain map for another Al2O3 grain is presented, where (A) is a
STEM image with the analyzed region marked, (B) is a strain map in the
direction, (C)
along the
direction and (D) along the
direction. The strain is similar to the one in
Figure 55 with fluctuations through the grain, but the
direction shows slightly higher
tensile strain. The strain along a line in the grain is also shown in Figure 57. In Figure 57B the
reference EDP for the strain profile is shown, where the analyzed diffraction spots are
indicated.
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Figure 56. Relative microstrain measurement of an Al2 O3 grain in specimen B1; (A) STEM image, (B) the
relative microstrain along the
direction, (C) along the
direction and (D) along the
direction.
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Figure 57. Relative microstrain measurement of an Al2O3 grain in specimen B1; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).
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The relative microstrain of a ZrCN grain and into the binding layer of TiCN can be seen in
Figure 58, where (A) shows a STEM image with the analyzed region marked, (B) a strain
map of the
direction, (C) along the
direction and (D) along the
direction.
The big difference in color at the top of Figure 58B-D is caused by the difference in lattice
constant between ZrCN and TiCN. In Figure 59 a relative microstrain profile along a line can
be seen, where (A) shows a STEM image of the analyzed region, (B) is the reference EDP
used for the calculation of the relative microstrain shown in (C). The dashed line in Figure 59
corresponds to -0.0762, which is the difference in lattice constant between the ZrCN and
TiCN layer. From the calculated strain a variation from the expected zero strain line can be
seen at the interface between the grains, where the material appears to be strained. However,
as a variation of composition within the binding layer was measured, shown by EDS (Figure
54), it can also be an effect of a changing lattice constant.

A

B

C

D

0.02

-0.10

500 nm

Figure 58. Relative microstrain measurement of a ZrCN grain and into the binding layer in specimen B1; (A)
STEM image, (B) the strain along the
direction, (C) along the
direction and (D) along the
direction. Contrast limits were set to -0.1 to 0.2 and the temperature color scheme were used for this evaluation.
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Figure 59. Relative microstrain measurement of a ZrCN grain and into the binding layer in specimen B1; (A)
STEM image showing the grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain
profile taken along the line shown in (A).

Sample B2
EDS
Some particles were observed at the interface between the substrate and the TiN layer, those
were analyzed with EDS. Figure 61 shows the resulting EDS spectra along a line from the
substrate into the ZrCN layer, which is seen in Figure 60. The particles contain Al and O,
which most likely is a residue from blasting before deposition. Traces of Al can be seen in the
other layers as well, and some iron can be observed in the cemented carbide substrate along
with oxygen.
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(5)

(4)

(3)

(2)

(1)

200 nm

Figure 60. STEM image of the region analyzed by EDS, where the marks corresponds to different analyzed
locations. Mark (1) corresponds WC, mark (2) Co, mark (3) Al2O3, mark (4) TiN and mark (5) ZrCN.
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Co

W
Al
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Ti
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O
N
W
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Ti

Fe

W

Figure 61. EDS spectra from the region at the interface to the substrate. The black line corresponds to a WC
grain, red to the binder phase Co, blue to the particles, green to the TiN and orange to the ZrCN layer.
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Microstrain
Figure 62 is a strain map of an Al2O3 grain of specimen B2, where (A) is a STEM image
marking the analyzed region, (B) is a relative microstrain map of the
direction, (C)
along the
direction and (D) along the
direction. The relative microstrain is
slightly tensile compared to the reference and variations within the grain can be seen for all
analyzed directions. The maps indicate strain variations which appear diagonally within the
analyzed region. Figure 63 is the relative microstrain along a line in the grain shown in the
STEM image in (A). (B) shows the reference EDP used for calculation of relative microstrain
in (C).
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A

C

D

0.02

-0.02

200 nm

Figure 62. Relative microstrain measurement of an Al2O3 grain in specimen B2; (A) STEM image, (B) is the
relative microstrain along the
direction, (C) along the
direction and (D) along the
direction.

73

A

B

200 nm

C

Figure 63. Relative microstrain measurement of an Al2O3 grain in specimen B2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Figure 64 shows strain measurement for another Al2O3 grain in specimen B2, located further
to the surface of the layer. (A) shows a STEM image, (B) the reference EDP and (C) the
calculated relative microstrain profile. Variation of the microstrain can be seen for all
analyzed directions, but it cannot be connected to any special features in the grain giving rise
to these changes. The strain is similar in the different directions, which was not the case for
the grain presented in Figure 62 and Figure 63. As it was difficult to prepare the sample for
electron transparency, due to bending of the thinned material, this could be an effect of the
bending, causing relaxation of some of the residual strain.
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Figure 64. Relative microstrain measurement of an Al2O3 grain in specimen B2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

In Figure 65 the relative microstrain measurement for a ZrCN grain is shown, where (A)
shows a STEM image, (B) the reference EDP and (C) the calculated strain profile along the
line marked in (A). A variation of the strain along the grain can be seen, where the strain of
the
plane seems slightly lower than the
and
planes. No clear trend of
strain change compared to specimen B1 can be seen from this analysis.
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Figure 65. Relative microstrain measurement of an ZrCN grain in specimen B2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

Figure 66 shows relative microstrain measurement for another ZrCN grain in specimen B2,
where (A) shows a STEM image, (B) the reference diffraction pattern and (C) the calculated
relative microstrain profile of the line shown in (A). The grain is located further down in the
ZrCN layer, close to the TiN interface. The strain is similar for the different directions and
varies along the grain.
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Figure 66. Relative microstrain measurement of an ZrCN grain in specimen B2; (A) STEM image showing the
grain analyzed, (B) reference EDP used for calculations of (C) the relative microstrain profile taken along the
line shown in (A).

5

Discussion

The residual strains in the two coating systems were characterized using XRD and TEM.
The stress was calculated using the XRD data and a summary can be found in Table 15. The
TiN/TiCN/Al2O3/TiN insert was analyzed at BESSY, Berlin by M. Klaus and Ch. Genzel.
The results obtained by D8 Discover with Cu anode gives higher values of stress, e.g. 1369
MPa for Al2O3 (116) while M. Klaus and Ch. Genzel obtained a value around 480 MPa.
Measurements using other diffraction peaks show the same behavior and for further
comparison see ref [47]. It was concluded that the difference in measured stress is due to
misplacement of the sample surface from eucentric height in the goniometer, giving analyses
at different heights as the sample is tilted resulting in inaccurate stress. Although the absolute
values are faulty, it is still possible to see relative stress changes when comparing the different
samples.
In Table 15 a lower stress is seen in ZrCN compared to TiCN, while the stress in the Al 2O3
layer is about the same for the two coating systems after deposition. The results show that the
blasting changes the stress state of the material, either by introducing compressive stress or
77

lowering the tensile stress. It can be seen that the TiN/TiCN/Al2O3/TiN coating system is
more affected by the blasting compared to the ZrCN/Al 2O3 coating system. The larger change
of stress in the Al2O3 layer compared to the underlying carbonitride indicates that the blasting
mostly affects the top part of the material.
The crystals orientations in the material give rise to low intensity at certain ψ angles in the
macrostress measurements, giving rise to difficulties to determine peak position. Those angles
were excluded for evaluation of the macrostress in the coatings. Crystal orientation can also
cause problems in data evaluation if changes of crystal orientation occur through the coating
thickness giving analysis at different depths. TKD, or normal EBSD, can be of good use in
combination with XRD to localize these possible orientation changes.
Table 15. Macrostress in the Al2O3 layer and the carbonitride layer of the samples before and after blasting.

Coating system B

2000

2500

1500

2000

1000

1427
1369
024

500

116

stress (MPa)

Stress (MPa)

Al2O3

Coating system A

1500
1000

2285

1596
1328

012
1175
1083
1031

116

500

0
-362
-484

024

0

-500
-1000

2500
2300

2000

1500
1000

1380

1392
200
951

500

220

0

Stress (MPa)

Stress (MPa)

TiCN/ZrCN

2000

2500
2181
1917
1500
1000
500

111
887

900

220

0

The determination of microstructure from XRD analysis is difficult in the case of the
investigated samples, due to a high amount of phases and overlapping diffraction peaks. Also,
possible gradients in grain size, strain or composition makes it difficult to determine from
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where in the material the signal originates and what the signal is composed of without use of
other characterization methods.
The samples were also analyzed locally by TEM, whereby specimen preparation was needed
to obtain electron transparency. From the specimen preparation in the DualBeam, a clear
difference between the blasted and unblasted samples can be observed. During blasting
stresses are induced into the material, which are believed to be released as the samples are
thinned causing bending and cracking. However, the cracks observed in the TEM images are
not formed during thinning. This makes specimen preparation for the blasted samples
difficult, as pronounced bending occur during thinning. It was possible to receive electron
transparent specimens by carefully choosing the width of the thinned windows. In addition the
window width was successively decreased to avoid abrupt changes in strain. During specimen
preparation a higher amount of cracks was observed in the blasted samples, especially in the
topmost Al2O3 layer. This indicates, in accordance with XRD, that the blasting mostly affects
the surface of the coating system.
The specimens were analyzed by TKD, making it possible to describe the microstructure of
the specimens to localize the grains and their orientation. The analysis was usefull for the
TEM measurements, especially for the blasted specimens where grain boundaries could
hardly be identified in the TEM analysis. The TKD (Figure 26-Figure 31) analysis show that
the microstructure of the ZrCN/Al2O3 coating system differs from the TiCN/Al 2O3 coating
system, with a larger grain size as well as a larger width variation for the ZrCN layer
compared to the TiCN layer. No change in microstructure by the blasting can be observed.
Figure 67 shows a comparison of Al2O3 layer and the carbonitride layer in the coating
systems. In both the Al2O3 layer (A) and the TiCN layer (E) after deposition the grain
boundaries are visible. After blasting, however, the grain boundaries in the Al2O3 layer (B)
are no longer visible and many defects have been induced in the layer. At the top part of the
TiCN layer (F) some defects are induced, but the grain boundaries are still visible. This is
also, in accordance with the earlier data, suggesting that the blasting mostly affects the top
part of the coating. The Al2O3 layer of the ZrCN/Al2O3 coating system after deposition is seen
in (C) and the ZrCN layer in (G). Both layers show a higher amount of defects after
deposition compared to the TiCN/Al2O3 coating system, and a different microstructure as
concluded from the TKD analysis. After blasting the grain boundaries are no longer visible in
the Al2O3 layer (D) and defects were induced, mostly at the top part of the layer. The grain
boundaries are difficult to localize and defects were induced in the ZrCN layer (H) as well,
especially at the top part of the layer. From the images it can be seen that the Al 2O3 layer in
the TiCN/Al2O3 coating system is more affected by the blasting compared to the ZrCN/Al2O3
system and the ZrCN layer is more affected than the TiCN layer.
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TiCN/ZrCN

Al2O3
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Figure 67. TEM BF images of the Al2O3 layer and the carbonitride layer in the analyzed samples.

The relative microstrain was measured within grains in the specimens using NBD in the TEM.
For all the specimens variations within the grains are observed, but some larger than others.
The unblasted samples, A1 and B1, show similar microstrain except for one grain in sample
A1 (Figure 42) showing larger variations compared to the others and also stronger contrast
variations.
The measured relative microstrain for the blasted samples, however, show larger variations
compared to the measurements before post-treatment. Regions with strain variations are
observed (e.g. Figure 48), which could be an effect of accumulation of defects due to the
blasting.
It was also possible to calculate the strain between a ZrCN grain and a TiCN grain in sample
B1, where a composition change within the binding layer give rise to a change in calculated
relative microstrain. To observe the effect of strain in the measurement a quantitative analysis
of the composition has to be performed.
It is important to keep in mind that only values relative to a chosen location in the analyzed
profile are calculated. For calculation of an absolute value a reference EDP has to be collected
from an unstrained area in the sample (which can be difficult to determine) or of another
sample. This could be solved by using another sample containing unstrained areas, but then
this area has to be tilted into respective zone axes, which would be time consuming. It would
also be possible to use a theoretical value for the lattice plane spacing which requires the
calibration of the camera length.
The different methods are a good complimentary to each other to obtain a deeper
understanding of the material. XRD can give information about a rather large volume of the
sample, giving an average value of stress state over the measured volume. TEM, on the other
hand, gives local information of a relatively small volume of the sample. The methods should
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be used in combination with each other when average information from XRD is not
satisfying, e.g. inhomogenous samples comprising preferred orientation, gradients in stress
and grain size. In addition, TEM can give information on the cause of the measured strain.

6

Conclusions

This thesis gives important insights about residual stress measurements on cutting tools by Xray diffraction (XRD) and transmission electron microscopy (TEM), and specimen
preparation for the latter. The characterized materials are cutting tools of two types, one being
a CVD coating system of ZrCN/Al2O3 on a WC/Co substrate (MDCC35) and the other being
a CVD coating system of TiCN/Al2O3 on a WC/Co substrate (462-cBj19).
Due to the nature of the analyzed material systems, i.e. TiN, TiCN and Al 2O3, many
overlapping diffraction peaks are obtained. The diffraction peak for determination of
macrostress has therefore to be carefully chosen. The measurements with CuKα and CoKα
radiation provided very different results for the macrostress, probably caused by an offset in
height of the sample as the analyzed depth is similar and should not affect the measurement in
the observed extent. This shows that it is of great importance that the sample is placed in
eucentric height for the macrostress measurements by XRD. However, due to the often
complex geometry of inserts (i.e. non-flat surfaces) in combination with the different
dimensions of the X-ray spots it can be assumed that the height is not constant but changes
slightly when tilting the sample.
Furthermore, determination of microstrain and crystallite size from XRD is difficult and gives
unreliable results, especially if knowledge about microstructure is not available from other
techniques. This was proven to be difficult due to an irregular grain shape, grain size gradients
and gradients of microstrain and composition. Also for the microstrain determination the
overlapping peaks makes the measurement of the peak width unreliable.
TEM specimen preparations of blasted samples are difficult, due to higher tendency to bend
and crack as the specimen are thinned. For specimen preparation, FIB is preferred, due to the
better control of area size and thinning process, resulting in better stability compared to
conventional specimen preparation
TKD analysis is of good use for general information about morphology and microstructure.
This is of good use for the TEM analysis as the grain boundaries can be difficult to observe,
especially for the blasted samples. TKD can also be useful together with macrostress
evaluation from XRD in order to see if the texture in the layers changes with the thickness,
giving rise to analyses of different parts of the layers as the sample is tilted.
NBD can be used to characterize strain fields in a material at microscale, within grains or
between a few of them. It is only possible to determine local strain variations between grains
if they have the same orientation, i.e. same same zone axis, showing the same reflexes. To
obtain absolute values of strain either a calibration of the camera length and comparison with
theoretical values or measurement of an unstrained sample could be performed. n this thesis,
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only relative strain within a few grains was determined and, therefore, not correlated with the
macro- and microstrain results obtained by XRD.
A difficulty with the technique is that overlapping of grains is easily obtained for samples
with small grain size, causing problems with double diffraction if the diffraction patterns are
not separated before strain determination. Furthermore, relaxation and crystal bending due to
the limited thickness of the electron transparent area can give alternating results.
For the analyzed inserts, the ZrCN layer possesses lower stress compared to the TiCN layer
and it was indicated that the blasting affects the TiCN/Al2O3 system more than the
ZrCN/Al2O3 system. The results also indicate that the top part of the coating is more affected
by the blasting compared to the bulk.
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