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TKD is a recent technique that promises great results on nanostructured and ultrafine-grained 

materials characterization, but only a few studies have been reported using it. This Master 

Thesis investigates the optimal values for the different parameters, shows its effectiveness 

when characterizing heavily deformed materials by High-Pressure Torsion (HPT) and compares 

its results with the ones obtained from other current techniques. 
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Chapter 1 – Introduction mentions the main motivation of the thesis and briefly describes its 

objectives.  

Chapter 2 – State of the art is divided into two sections. The first one shows the different used 

analysis techniques and explains them in detail. The other one gives an overview of the role of 

these techniques nowadays, their limitations and their state of development. 

Chapter 3 – Materials shows the composition of the different used materials and explains their 

pretreatments. 

Chapter 4 – Sample preparation describes all different sample preparation methods for both 

EBSD and TKD and for each used material. 

Chapter 5 – Experiments, results and discussion is divided into different sections which define 

the main fields of analysis of this work, including the TKD setting up, the study of non-

deformed samples, deformed samples and two phase materials among others. Each section is 

structured with a subsection of experiments, where all the procedures are described with 

detail, followed by the results and their discussion. 

Chapter 6 – Conclusions is a summary of the obtained results and their discussion. Important 

remarks and recommendations are given for future investigations. 

The Annex shows all the collected patterns during the setting up of TKD from both used 

materials (Cu and Al). 

 

Keywords: Scanning electron microscopy (SEM), Electron backscattered diffraction (EBSD), 

Transmission Kikuchi diffraction (TKD), High-pressure torsion (HPT), ultra-fine grained (UFG) 

materials.  
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ACRONYMS 

 

Acc. V.  Accelerating Voltage 

Al  Aluminum 

Z  Atomic number 

BKD  Backscatter Kikuchi diffraction 

BSE  Backscattered Electrons 

BCI  Band Contrast Index 
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CI  Confidence Index 

Cu  Copper 

DOE  Design of Experiments 

EBSD  Electron Backscatter Diffraction 

EDX  Energy Dispersive X-ray 

EDS  Energy Dispersive X-ray Spectroscopy 

FEG  Field Emission Gun 

FIB  Focussed Ion Beam 

FSD  Forward Scatter Detector 

HAGB  High Angle Grain Boundaries 

HPT  High Pressure Torsion 

IQ  Image Quality 

IPF  Inverse Polar Figure 

KS  Kurdjumov-Sachs 

LAGB  Low Angle Grain Boundaries 

OIM  Orientation Imaging Microscopy 
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SEM  Scanning Electron Microscope 

SE  Secondary Electrons 

SPD  Severe Plastic Deformation 

TEM  Transmission Electron Microscope 

TKD  Transmission Kikuchi Difracction 

UFG  Ultrafine-grained 

HV  Vickers Hardness 

WD  Working Distance 

XRD  X-Ray Diffraction 
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1. INTRODUCTION 

The metal industry is continuously searching for new materials with improved mechanical 

properties. Nanocrystalline, nanostructured and ultrafine-grained materials offer properties 

that are vastly different from and often superior to those of the conventional microcrystalline 

materials [1].  

Grain size refinement by severe plastic deformation (SPD) is a processing technique that 

introduces nanoscale structures into the material, including dislocation substructures, 

nanotwins, and nanoscale precipitates, all of which can further improve the material’s 

mechanical strength[1]. 

Among the SPD techniques, High Pressure Torsion (HPT) process is one of the most powerful 

techniques to obtain ultrafine-grained (UFG) materials, leading to non-homogeneous 

deformation with large strain gradient[2]. A test specimen, often a disc, is placed between two 

anvils. Once the pressure is applied, one anvil is rotated with respect to the other. Due to 

friction in the contact surfaces between the specimen and the anvils, the specimen is 

deformed by shear force. The main volume of the specimen is strained under hydrostatic 

compression, which will repress any fracture in the work piece.[3] It enables the grain 

refinement of bulk materials until a saturation region is reached where no further 

microstructural refinement can be observed[4]. 

The production of nanoscale structures by HPT is nowadays very well-known and the problem 

has shifted from their production to their characterization[5].  

Electron Backscatter Diffraction (EBSD) is commonly used to characterize UFG metals and 

alloys, with grain sizes down to sub-micron scale. However, the spatial resolution of the EBSD 

technique, even in the latest field emission gun (FEG) scanning electron microscope (SEM), is 

limited to about 20 nm for dense materials, and 50 nm for lighter materials. In addition, these 

values represent the resolution parallel to the sample tilt axis, but for EBSD the sample should 

be tilt to a high angle, tipically 70º from horizontal and the spatial resolution is approximately 

three times worse down the tilted suface. Clearly conventional EBSD in SEM can not be applied 

as a routine characterization tool for nanostructured materials.[5] 

The transmission electron microscope (TEM) is generally considered today the tool of choice 

for the microstructural analysis of materials at the nanoscale[7]. It has the necessary spatial 

resolution, electron diffraction analysis enables the measurement of crystallographic 

orientations on the nanometre scale and recent developments in automated electron 

diffraction systems utilizing precision techniques are promising for enabling rapid collection of 

orientation maps on truly nanocrystalline materials. However, TEM analyses require significant 

technical expertise and are relatively difficult to perform[1]. Bright or dark field images can be 

difficult to interpret in terms of grain size and, although automated diffraction techniques do 

exist in the TEM, they generally suffer in terms of speed or angular resolution when compared 

to EBSD[5].  

A great advance would be to marry the routine quantitative capability of automated EBSD with 

the spatial resolution of TEM[7]. In the last 2 years there is a significant interest in the 
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development of an alternative electron diffraction technique[1]. A new approach to SEM-based 

diffraction has emerged, namely using an electron transparent sample in a SEM coupled with 

conventional EBSD hardware and software. This technique, referred to as transmission EBSD 

(t-EBSD: Keller and Geiss, 2012) or SEM transmission Kikuchi difracction (TKD: Trimby, 2012) 

enables spatial resolutions better than 10 nm, and it is ideal for routine EBSD characterization 

of both nanostructured and highly deformed samples[8].  

The aim of this Master Thesis is to determine the optimum settings for the different operating 

parameters of the electron microscope in order to get the maximum possible resolution and 

be able to observe samples severely deformed by HPT with small grain size, by transmission 

Kikuchi diffraction in SEM. And subsequently compare the results between both normal EBSD 

and TKD techniques.  
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2. STATE OF THE ART 

2.1. ANALYSIS TECHNIQUES 

In this Master Thesis two Scanning Electron Microscope (SEM) based techniques are used: 

conventional Electron Backscatter Diffraction (EBSD) and Trasnmission Kikuchi Diffraction 

(TKD).  

Both techniques are carried out in a common SEM equiped with the appropiate components.  

The equipment, general structure, features and physics of those techniques are described in 

this section. 

2.1.1. SEM basics  

Concept 

The Scanning Electron Microscope (SEM) is an instrument for observing and analysing the 

surface microstructure of a bulk sample by employing a finely focused beam of electrons. The 

beam scans across the surface of the sample (raster pattern). The interaction of this beam with 

the sample generates various signals, which are collected by appropriate detectors. The signal 

amplitude obtained at each position in the raster pattern is assembled to form an image. [15] 

Electron-Specimen interactions 

Electrons accelerated towards a material result in a number of interactions with the atoms of 

the target sample. Accelerated electrons can pass through the sample without interaction, 

undergo elastic scattering and can be inelastically scattered. Elastic and inelastic scattering 

result in several signals that are used for imaging and getting quantitative and semi-

quantitative information of the target sample. Typical signals used for imaging include 

secondary electrons (SE), backscattered electrons (BSE), cathodoluminescence (CL), auger 

electrons and characteristic X-rays. Quantitative and semiquantitative analyses of materials as 

well as element mapping typically use characteristic X-rays.[16] 

The following figure show the different type of information obtained and the regions from 

where the information is produced[17] (Figure 2.1). 

 

Figure 2.1. Interactions between the electron beam and the atoms composing the specimen. 

[17] 
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Depth of electron penetration is a function of the angle of incidence, magnitude of the current, 

accelerating voltage, and the atomic number (Z) of the sample.[19][21] 

The structure 

The SEM requires an electron optical system to produce an electron probe (based on an 

electron gun, a vacuum column and a general vacuum system, lenses and liquid nitrogen 

cooling), a specimen stage to place the specimen, a secondary-electron detector to collect 

secondary electrons, an image display unit, an operation system to perform various operations 

and some other components such as a BSE detector (placed inside the specimen chamber) or a 

X-ray detector.[19] In the following SEM’s image some of this elements are shown (Figure 2.2). 

 

Figure 2.2. General structure of SEM. [11] 

The main elements in the microscope column and specimen chamber of a SEM consist of a 

source (electron gun) of the electron beam, which is accelerated down the column; a serie of 

lenses (condenser and objective), which act to control the diameter of the beam on the 

specimen; a serie of apertures (micron-scale holes in metal film), which the beam passes 

through; a control for specimen position (x, y, z) and orientation (tilt, rotation); and deflector 

coils, which are responsible for rastering the focused beam across the specimen surface 

(Figure 2.3). [18] 
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Figure 2.3. Structure of the vacuum column and specimen chamber of SEM. [18] 

The electron optical system (inside of the microscope column) and a space surrounding the 

specimen are kept at vacuum.[19] The reason is because otherwise, electrons will quickly 

disperse or scatter due to collisions with other molecules.[25] 

Electron sources 

The purpose of the electron gun is to provide a stable beam of electrons of adjustable energy. 

There are three main types of electron guns, two which are thermo-ionic: Tungsten hairpin 

and Lanthanum hexaboride (LaB6); and field emission gun (Figure 2.4).[18] 

 

Figure 2.4. Diferent electron sources. [11] 

Field emission gun is the source which is going to be described in a more detailed way because 

is the one used in the SEM for this Master Thesis (Figure 2.5). 
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Figure 2.5. Field emission gun (FEG) scheme [18] 

The FEG cathode consist of a sharp metal (usually tungsten) tip with a radius of less than 100 

nm. A potential difference (V1) is established between the first anode and the tip. The result is 

an electric field concentrated at the tip, which facilitates electron emission (emission current). 

The potential difference between the tip and the second grounded anode determines the 

accelerating voltage (V0) of the gun. The higher the accelerating voltage the faster the 

electrons travel down the column and the more penetrating power they have.[18] 

There are two types of FEGs: cold and thermally assisted. In this case is used the thermal 

assisted one. 

The source size for FEGs is on the order of nanometers rather than microns for the other 

emission sources. It has enough probe current (and thus potential signal) in a probe of small 

diameter, which allows the FEGSEM to obtain the resolution it does. [18] 

Principle of magnification 

When scanning a specimen surface with a finely focused electron beam, information will be 

emitted from each point of the scanning (e.g. secondary electrons, backscattered electrons, 

etc). The emitted information is converted into an electric signal, amplified, and then fed into 

an observation cathode ray tube (CRT). On the CRT, the information is used to control the 

brightness of the corresponding spot. The spot on the CRT is shown in real time with the 

electron beam scanning on the specimen surface. Thus, the information emitted from the 

specimen surface is displayed on the CRT as an image. The maginification (M) is given by the 

quotien of the size of image on the CRT (L) and the size of electron beam scanning on the 

specimen (l). [17] (Figure 2.6) 

  
 

 
 (Eq. 1) 
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Figure 2.6. Principle of magnification. [17] 

Secondary electrons (SE) 

Secondary electrons (SE) are produced when an incident electron excites an electron in the 

sample and loses some of its energy in the process. The excited electron moves towards the 

surface of the sample undergoing elastic and inelastic collisions until it reaches the surface, 

where it can escape if it still has sufficient energy. SE, by convention, are those emitted with 

energies lower than 50 eV.[19] The process of formation is shown on Figure 2.7. 

 

Figure 2.7. Secondary electron [26] 

Backscattered electrons (BSE) 

When a beam electron interacts with the electric field of the nucleus of a specimen atom, an 

elastic event occurs resulting in a change of direction of the beam electron. When the 

elastically scattered beam electron is deflected back out of the specimen, the electron is 
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termed as backscattered electron (BSE).  BSEs can have an energy range from 50 eV to nearly 

the incidident beam energy. Most BSEs retain at least 50% of the incident beam energy.[19] The 

process of formation is shown on Figure 2.8. 

 

Figure 2.8. Backscattered electron. [20] 

BSE are the basis of both used techniques in this Master Thesis: EBSD and TKD. In EBSD the 

electrons used are trully BSE; in TKD the electrons are also originated from the beam but they 

exit the sample from the bottom side (instead of the top side as in EBSD). A better name for 

this electrons could be forward scattered electrons. This will be explained in more detail in the 

TKD section. 

BSE are high energy electrons and are the responsible of the Kikuchi pattern formation, 

explained in the EBSD section. Secondary electrons (SE) have too low energy to scintillate the 

phosphor screen[11]. Next chart shows the difference in energy between both kinds of 

electrons (Figure 2.9). 

 

Figure 2.9. Secondary electrons are low energy electrons ejected from the specimen atoms by 

the energetic primary beam. Backscattered electrons are primary beam electons scattered 

back out of the sample. [15] 
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2.1.2. Electron Bacskcatter Diffraction (EBSD) in SEM 

General features 

Electron Backscatter Diffraction (EBSD), also known as backscatter Kikuchi diffraction (BKD), is 

an SEM-based microstructural-crytallographic technique[9]. EBSD enables individual grain 

orientations, local texture, point-to-point orientation correlations, phase identification and 

distributions to be determined routinely on polished surfaces of bulk policrystals, with sub-

micrometre spatial resolution. It can also be used simultaneously with energy dispersive X-ray 

spectroscopy (EDS) to characterize the chemistry of the sample, although with poorer spatial 

resolution (tipically of the order of 1-5 µm). SEM is also a versatile imaging platform, and the 

highly tilt sample required for EBSD analyses is ideal for acquiring channeling (or orientation) 

contrast images using forescatter detectors mounted below the EBSD detector phosphor 

screen. [1],[12],[13]  

Here there is an example of some information that is possible to be acquired by this technique 

(Figure 2.10). 

 

Figure 2.10. Dual phase titanium. Inverse polar figure map at left. Different unit cell 

orientations and reconstructed EBSD patterns per different grains at right. Made by 

Orientation Imaging Microscopy (OIM) software. 

This technique is applied to many industries such as metals processing, aerospace industry, 

nuclear industry, automotive industry, microelectronics and many more to characterize 

different kind of materials such as metals, alloys, intermetallics, ceramics, thin films, geological 

minerals, semiconductors and superconductors due to the wide availability of SEMs, the ease 

of sample preparation from the bulk, the high speed of data adquisition, and the access to 

complementary information about the microstructure on a submicron scale. [9],[12] 

The physics 

A stationary electron beam is directed at a point of interest on a tilted crystalline sample 

(approximately 70º relative to normal incidence beam in the SEM). When the beam strikes the 

sample, the atoms in the material inelastically scatter a fraction of the electrons with a small 

loss of energy to form a divergent source of electrons close the surface of the sample. Some of 

this electrons are incident on atomic planes at angles which satisfy the Bragg equation[9]: 
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                 (Eq. 2) 

where n is an integer,   is the wavelength of the electrons, which is dependent on the 

accelerating voltage of the SEM, d is the spacing of the diffracting plane, and   is the angle of 

incidence of the electrons on the diffracting plane. [9],[12] 

Since diffraction of the electrons through the Bragg angle is occurring in all directions, the 

locus of the diffracted radiation is the surface of a cone (Kossel cone) which extends about the 

normal of the reflecting atomic planes with half apex angle 90°- . The source of electron 

scattering can be considered to be between lattice planes, an hence two cones of radiation 

result from each family of planes. From substitution of typical values for electron wavelength 

and lattice interplanar spacing into Bragg’s law, the Bragg angle   is found to be about 0,5°. 

Consequently the apex angle of a diffraction cone is close to 180°, which means the cones are 

almost flat.[10] 

When used to form an image on a fluorescent screen the regions of enhanced electron 

intensity between the cones produce the Kikuchi bands of the electron backscatter diffraction 

pattern, which is characteristic of the crystal structure and orientation of the sample region 

from which it was generated. The width of these bands is an angular distance of 2  which in 

turn is inversely proportional to the interplanar spacing.[9],[10] It is easier to see this in Figure 

2.11. 

 

Figure 2.11. Formation of the electron backscatter pattern. [10] 

Thereby, every band has a distinct width and correponds to a zone axis (pole). The Kikuchi 

pattern essentially embodies all the angular relationships in a crystal. In fact, the Kikuchi 

diffraction pattern is essentially a  gnomonic projection onto a flat surface of the angular 

relationships in the crystal[10]. Here there is an example of a diffraction pattern (Figure 2.12). 
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Figure 2.12. Diffraction pattern collected from copper at 18 kV accelerating voltage. 

The following image (Figure 2.13) is useful to understand how the pattern is projected. The 

sampled volume of crystal resides at the centre of a reference sphere (radius ON). This radius 

distance is also the distance between the specimen and the projection plane and N is referred 

to as the diffration pattern centre. Diffracted rays from the specimen intersect the sphere and 

from there project out to the recording medium. As the projection source point is O (the 

centre of the sphere), the position of a point P on the projection plane will be given by 

ON(tanƬ), where Ƭ is an angular displacement of P from N.[10]   

 

Figure 2.13. Kikuchi pattern as a gnomonic projection. [10] 

Kikuchi patterns give as some qualitative information such as lattice strain, which can be 

identified by diffuseness in the diffraction pattern as a consequence of lattice plane bending, 

or grain/phase boundaries identification. But furthermore, it is also possible to obtain 

quantitative information, i.e. the determination of the crystallographic orientation of the 

sampled volume.[10]   
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By using the Hough transform, Kikuchi bands are transformed into points in the Hough space 

(Figure 2.14). The transform between the coordinates (x, y) of the diffraction pattern and the 

coordinates ( ,  ) is given by[9]: 

                   (Eq. 3) 

Where x and y are the coordinates of a pixel in the EBSD pattern image, and ρ and   are the 

coordinates of lines that pass through the pixel. Thereby, a pixel in the image space becomes a 

sinusoidal curve in the transform space (Figure 2.15). If the equation is applied to every pixel in 

the image, then the Hough Transform becomes a large set of sinusoidal curves and all the 

pixels in a band form a peak at the intersection of their individual sinusoidal curves.[11] 

 

 

Figure 2.14. Diffraction pattern collected from silicon at 20 KV accelerating voltage and its 

Hough Transform. [9] 

 

Figure 2.15. Bands in the pattern are transformed to peaks by Hough Transform. [11]  

A list of all triplets (sets of three bands) is generated from the detected bands in Hough space 

and the inter-planar angles for each triplet set are calculated. Then, the angles are compared 
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with a list of inter-planar angles for the analysed crystal structure to allocate Miller indices to 

each plane. This is done using complex logic and statistical probability routines based on sets 

of three bands. Finally it is possible to calculate the orientation of the crystal lattice with 

respect to coordinates fixed in the sample. [9], [11] 

Hardware and common experimental set up 

An EBSD system can be added as an attachment to practically any SEM[10]. It is typically formed 

by different components and the main ones are a phosphor screen, which is fluoresced by 

electrons from the sample to form the diffraction pattern, and a sensitive charge coupled 

device (CCD) camera together with optics for viewing the diffraction pattern on the phosphor 

screen[9]. 

Other components of the EBSD detector system are a lead glass window behind the phosphor 

screen to block the radiation, vacuum seals to allow the camera to operate at atmospheric 

pressure without degrading the chamber pressure, movement control to be able to move the 

detector so it does not interfere with normal SEM work, a computer to control EBSD 

experiments, collect and analyse the diffraction patterns as well as display results and do 

further processing, Forward Scatter detectors (FSD) mounted around the phosphor screen, 

electronic hardware that controls the SEM scanning and communication control of SEM stage 

and colum[9]. 

In the following image (Figure 2.16) it is possible to see how the main elements are structured 

in the system. 

 

Figure 2.16. Diagram of the principle components of an EBSD system. [9] 

A scheme of the typical EBSD geometry is shown in the following image (Figure 2.17), showing 

the pole piece of the SEM, the electron beam, the tilted specimen and the phosphor screen.[12] 



24 
 

 

 

Figure 2.17. Typical EBSD geometry. [12] 

The observed specimen is tilt typically 70° relative to normal incidence beam in the SEM. The 

reason is to reduce the path length of electrons which have been backscattered by lattice 

planes as they enter the specimen, thus allowing a far greater proportion of these electrons to 

undergo diffraction and escape from the specimen before being absorbed. When the specimen 

is flat, which is the case for conventional SEM, the path length and hence absortion of the 

backscattered electron is too great to produce detectable diffraction.[10] 

In these conditions, the backscattered electrons escape from approximately 20-40 nm 

underneath the surface, therefore there is a diffracting volume (figure 2.18).[11],[12] 

 

Figure 2.18. Specimen-beam interaction volume. [11] 
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This diffracting volume (δx, δy and δz) is function of the working distance (WD), atomic 

number of the specimen (Z), the spot size and the accelerating voltage used.[11] 

A thin, reflective, aluminium coating is often deposited onto the phosphor screen. It enhances 

the brightness of the phosphor by reflecting light back toward the camera. It is also useful 

because it acts as a passive energy filter, which absorbs low energy electrons before they 

reach the phosphor screen. But the most important function is to ground the phosphor screen, 

otherwise it will charge and degrade the performance of the SEM and will interfere with 

orientation mapping by automated EBSD.[12] 

Resolution, operational parameters and influence factors 

There are some factors that can have a great influence on the obtained resolution and final 

results.  

Spatial and angular resolution 

If the area of the sample contribuiting to the diffraction pattern contains more than one 

crystallographic orientation, a single crystal diffraction pattern is not obtained, the automated 

pattern solving routines may fail and the pattern will not be indexed[27]. So, in fact, the spatial 

resolution is how closely patterns can be resolved and it is specially affected by the interaction 

volume between the primary electrons and the sample.[12] It is a function of material, beam 

accelerating voltage, specimen tilt and probe size.[24] 

However, when analysing a sample with small grains or subgrains the achievable spatial 

resolution is rather smaller than this because, when patterns from two grains overlap, the 

acquisition software can, if there is a significant difference in intensity of the patterns, 

succesfully analyse the stronger pattern, which is called effective resolution.[27] 

The angular resolution can be studied from two points of view. The first one is the accuracy of 

determination of the absolute orientation and it depends on the sample alignement and the 

EBSD operating conditions. The other one is the accuracy with which the relative orientation 

between adjacent data points can be determined and this is related to the precision with 

which the orientations of data points within the same crystallite can be measured. [24],[27] 

Material 

First of all it’s important to know that the amount of backscattered signal increases with the 

atomic number, thus often there is more detail and greater clarity in patterns from high atomic 

number elements than from those with low atomic numbers.[10] 

Working distance (WD) 

Working distance (WD) is the distance between the bottom of the pole piece and the 

specimen surface. It has a great influence on spatial resolution in the SEM. The optimum WD 

for electron detectors used for imaging is usually different than the one for EBSD analysis.[6] 

Although for standard SEM work best resolution and minimised focussing distortions are 

obtained from a short WD, for EBSD the major consideration when choosing the WD is to 

locate the specimen so that electrons are backscattered from the specimen towards the 
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camera. Often a limiting factor is also the risk of collision with microscope hardware, 

particularly the pole piece, at small working distances. The optimum specimen position will 

depend therefore on the geometry of the microscope.[10] 

 Accelerating voltage (Acc. V.) 

There is a linear relationship between accelerating voltage and interaction volume for a 

specific element. Hence, a low accelerating voltage is chosen if good spatial resolution is 

required. Because the size of the interaction volume also correlates with the atomic number 

species, in general a higher accelerating voltage can be chosen for high atomic number 

specimens.[10] 

Using a high accelerating voltage has some advantages such as increasing the efficiency of the 

phosphor screen, which results in a brighter diffraction pattern; decreasing the interference 

from stray electromagnetic fields; and increasing the penetration of the electron beam, which 

makes the diffraction pattern originate from a region below the surface, minimising the effects 

of contamination or damage. On the other hand, the disatvantages are an increased volume of 

interaction beam-specimen, which reduces the spatial resolution; and the impossibility of 

examining poor conductor specimens or specimens susceptible to beam damage, unless the 

specimen is lightly coated with a conductor.[10] 

Increasing the accelerating voltage reduces the wavelength and hence reduces the width of 

the Kikuchi bands in the diffraction pattern according to Bragg’s equation (Eq. 2). [9] 

Specimen tilt angle 

As mentioned before in Hardware and common experimental set up section, the specimen is 

tilted in order to decrease the path length of the backscattered electrons, which leads to 

better contrast in the EBSD patterns. Tilt angles higher than 80° are impracticable because of 

the excessive anisotropy of the sampled volume and distortion in the uncorrected image. [10] It 

is necessary to find a value that represents a good compromise with regard to both the 

contrast in the diffraction pattern and the fraction of electrons scattered from the sample[9]. 

Probe current / Spot size  

Probe current is the current that impinges upon the specimen and generates the various 

imaging signals[18]. 

Increasing the probe current will increase the number of electrons contribuiting to the 

diffraction pattern and so allow the camera integration time (time required by the CCD camera 

to collect a pattern at a particular resolution) to be reduced[9]. Thus, it is selected in 

accordance with the light sensitivity of the camera and the requirement of imaging the 

specimen surface[10]. Although the spatial resolution is less senstive to probe current than to 

accelerating voltage, increasing the probe current will also increase the electron beam size 

(spot size) and therefore decrease the spatial resolution. [9],[10] 

Spot size is the diameter of the final beam at the surface of the specimen.[18] Depending on the 

microscope it is possible to adjust one or the other one, but they are equivalent. 
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Although the best absolute resolution corresponds to the smallest interaction volume, small 

interaction volumes affect advsersely the pattern clarity and hence the ability of the software 

to locate the Kikuchi lines and index the pattern. Hence, the best resolution is not achieved 

with the smallest probe size and there is a compromise situation between interaction volume 

and acceptable pattern clarity.[10] 

Pressure 

Pressure is another important factor that affect the EBSD measurements. The lower the 

pressure is, the better the diffraction patterns are.  

Diffraction patterns can also be collected from samples at low vacuum in environmental SEMs. 

This can be useful with specimens that may otherwise charge[9]. 

Sample preparation 

EBSD is very sensitive to crystalline perfection and sample preparation may be needed to 

remove any surface damage[9]. The top 10-50 nm of the specimen must be representative of 

the region from which crystallographic information is sought, since it is only from this surface 

region that diffraction occurs[10]. Thus, the top surface must be free from contamination, 

surface layers (e.g. oxides, thick coatings) and residual deformation, being sufficiently smooth 

to avoid forming shadows on the diffraction pattern from other parts of the sample.[9],[10],[14] 

In general, a conventional metallographic sample preparation technique, comprised of 

sectioning, mounting, grinding and polishing, is a method of mechanical polishing and can 

produce a sample of limited quality for EBSD work. Therefore, some additional steps or 

techniques are necessary to obtain EBSD patterns of high quality. [14] 

Two of the most commonly used techniques are electropolishing and chemical etching. These 

techniques are also used in optical microscopy to reveal the microstructure by attacking the 

specimen surface, which has the concurrent effect of removing polishing damage. Another 

highly recommended method for preparing a variety of specimens for EBSD is final polishing in 

colloidal silica, since the medium does not introduce the harsh mechanical damage associated 

with diamond polishing. [10] 

Other used methods are vibratory polishing, ion milling or focussed ion beam (FIB).[9] 

Samples also must be conductive. Non conductive samples can be analysed by coating it with a 

thin conductive layer. Mounting the specimens in a conducting medium is clearly 

advantageous for SEM work; otherwise electrical contact to the specimen can be established 

by using silver paint, carbon paint or conductive tape, or simply by cutting the specimen from 

the mount after the preliminary preparation stages[10]. 

As the sample preparation method is specific for every material, the concrete used methods 

will be explained later in section 4. Sample preparation. 
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Commercial TSL® OIM Data Analysis software 

OIM Data Analysis is a powerful tool for microstructure analysis. It is the software used to get 

all the information needed from the different scans made by both EBSD and TKD. It offers a lot 

of different possibilities but only the main used in this Master Thesis are described. 

- Image quality (IQ): It describes the quality of an electron backscatter diffraction 

pattern. It is the sum over the peak sharpness of all detected peaks. For a 

homogeneous grey pattern IQ becomes zero. The upper limit of IQ is given for each 

pattern by the minimum peak sharpness and the maximum possible number of peaks. 

Thus, absolute values cannot be compared quantitatevely. Image qualitiy is extracted 

from the quality of Kikuchi bands (intensity, sharpness, contrast, noise level), which 

are influenced by topography, grain boundaries, present phases and residual strain in 

material. Any distortions to the crystal lattice within the diffracting volume will 

produce lower quality (more diffuse) diffraction patterns. This enables the IQ 

parameter to be used to give a qualitative description of the strain distribution in a 

microstructure. IQ maps can be performed by mapping the IQ obtained for each point 

in a scan onto a gray scale. Darker areas represent lower IQ values. [10],[34],[14] Thus, as 

grain boundaries are very distorted areas, they are revealed by dark tones.   

 

- Band contrast index (BCI): Another way of evaluating the pattern quality. It is based on 

the Hough transform and describes the average intensity of the Kikuchi bands with 

respect to the total intensity in the selected area of interest of the Kikuchi pattern.[6] 

 

- Confidence index (CI): It is a measure of probability that a correct solution has been 

found. For a given diffraction pattern several possible orientations (solutions) may be 

found which satisfy the diffraction bands detected by the image analysis routines. The 

CI is based on a voting scheme and is given as CI = (V1 - V2)/VIDEAL where V1 and V2 are 

the number of votes for the first and second solution and VIDEAL is the total possible 

number of votes from the detected bands.[12], [34]  

 

- Inverse polar figure (IPF): It projects the orientation of the specimen coordinate system 

into the crystal coordinate system. IPF maps can also be performed by mapping the 

orientation for each point of the sample relative to the crystal reference frame.
[10],[34]

 

Every orientation is represented by a different color, e.g. Figure 2.19. 

 

 
Figure 2.19. Inverse polar figure [001] legend. [34] 
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- Kernel average misorientation: It is one of the methods for characterizing local 

misorientation using a Kernel approach. The misorientation between a grain at the 

center of the kernel and all points at the perimeter of the Kernel are measured. The 

local misorientation value assigned to the center point is the average of these 

misorientations (Figure 2.20).[34] 

 
Figure 2.20. Scheme of Kernel points to measure misorientation. [34] 

 

- Phase map: In this kind of map each point is colored according to the phase to which it 

belongs.
[34] 

 

- Cleaning procedure: OIM provides several clean up methods, which attempt to "clean-

up" the erroneous data. These methods generally clean up individual data points 

based on the neighboring orientations.[34] The cleaning method normally used during 

this Master Thesis is based on three steps. The first one is a grain dilation cleaning, 

which consists on an iterative method. The routine only acts on points that do not 

belong to any grain; yet have neighboring points, which do belong to grains (Figure 

2.21).[34] 

 
Figure 2.21. Grain dilation cleaning. [34] 

 

The second step is a grain fit standardization, which changes the Fit values of all points 

in a grain to the maximum Fit value found among all points belonging to the grain. And 

the final step is to apply again the grain dilation cleaning.[34] 
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2.1.3. Transmission Kikuchi Diffraction (TKD) in SEM 

General features 

Transmission Kikuchi Diffraction (TKD) is a new technique which provides crystallographic 

information (crystal structure and crystallographic orientation) with high resolution on thin 

specimens by using a conventional electron backscatter diffraction (EBSD) system in a scanning 

electron microscope (SEM).[6] 

Sample preparation  

Sample preparation for TKD differs from the sample preparation for conventional EBSD. As TKD 

needs samples to be transparent to electrons, it can be performed on any sample that is 

acceptable for conventional TEM, such as: thinned specimens, free-standing films, sectioned 

film stacks, nanoparticles or other materials placed onto TEM windows or grids.[23] 

Typical techniques to prepare the samples involve electropolishing, ion beam thinning or using 

a focused ion beam SEM.[8] The prepared sample has finally a hole near the centre of the 

specimen. The thickness around the hole is thin and it becomes thicker away from the hole.[7] 

The quality of TKD patterns is very much dependent on the thickness of the specimen and this 

dependence has also a strong effect on the spatial resolution. Therefore, it is very important to 

make a good sample preparation. [7] 

Hardware and common experimental set up 

Samples are mounted in a custom TEM sample holder that clamps individual TEM foils at a 

tilted angle from horizontal in the opposite direction of the usual tilting for conventional 

EBSD[1],[7]. The holder is mounted onto the stage in the SEM as in the following image and 

scheme of the typical TKD geometry (Figure 2.22, Figure 2.23). This way, the electrons of the 

primary beam can go through the sample and the forward scattered electrons can scintillate 

the phosphor screen. 
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Figure 2.22. Typical TKD geometry. In this image the specimen chamber door is opened but 

when the door is closed the sample stays down the pole piece of the SEM so the electrons can 

reach it. 

 

Figure 2.23. Typical TKD geometry scheme. [22] 

Other components of the system are a sensitive charge coupled device (CCD) camera together 

with optics for viewing the diffraction pattern on the phosphor screen, lead glass window 

behind the phosphor screen, vacuum seals, movement control to be able to move the 

detector, a computer to control EBSD experiments, collect and analyse the diffraction patterns 

as well as display results and do further processing, FSD around the phosphor screen, 

electronic hardware that controls the SEM scanning and communication control of SEM stage 

and colum.[9]  

In fact, as it is said before, it uses a conventional electron backscatter diffraction (EBSD) system 

in a scanning electron microscope (SEM), so the structure elements are mainly the same.  
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The physics 

The physical concepts and the operational parameters are also the same as in conventional 

EBSD. The difference lies in that in TKD, when the beam strikes the specimen, a fraction of 

electrons are scattered by the atoms through the specimen, instead of being backscattered. 

This electrons are the responsibles of the pattern formation on the phosphor screen. Thus, in 

contrast to conventional EBSD, the tilting angle of the specimen increases the amount of 

backscattered electrons arriving to the phosphor screen but also increases the path length of 

the BSE through the sample, which involves a bigger volume of interaction.  

Another outstanding aspect is that as electrons that diffract near the top surface can not 

maintain coherence for a significant distance in the specimen, the most important Kikuchi 

scattering occurs near the exit surface. Thus, we can characterize ultrathin films but also 

thicker films than in TEM. [22],[7] 

Because of the geometry of this technique, the lateral spatial resolution of TKD is said to be 

one order of magnitude better than conventional EBSD. The scattering is heavily skewed in the 

forward direction, so many electrons may scatter near exit surface. Also because forward-

scattered beams scatter through small angles, therefore there is little spreading in thin 

specimens, many high-energy electrons reach exit surface and the interaction volume is 

smaller. [22] This can be observed in Figure 2.24. 

 

 

Figure 2.24. Comparison between conventional EBSD and TKD system. [22] 

And it is also proven by Montecarlo simulations. An example is showed in the following images 

(Figure 2.25) [22]: 
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Figure 2.25. Montecarlo simulation: 40 nm Ni/2,5 nm Ta/40 nm Si3N4; 28 KeV incident energy. 

Conventional EBSD left image, TKD right image. [22] 
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2.2. PRESENT STATE 

As it is mentioned at the beginning of this Master Thesis, nanocrystalline, nanostructured and 

ultrafine-grained materials offer usually better properties than conventional materials and 

their production by different techniques is nowadays well-known.[1],[5] 

It is necessary to be able to characterize them in order to continue improving their properties, 

but the main automated technique used until now for materials characterization, EBSD, suffers 

serious limitations.[5] 

In this section, EBSD limitations will be explained and its maximum resolution with the optimal 

values for the operational parameters are mentioned. The present state of the recently 

developed technique TKD, which in fact is the focus of study of this Master Thesis, will be also 

described. Optimal values for the different operational parameters and the limitations for 

spatial and angular resolution will be cited, considering they are still under discussion. 

 

2.2.1. EBSD limitations 

The spatial resolution of the EBSD technique is limited by the accelerating voltage of the 

incident electron beam and the mean atomic number (Z) of the sample[1]. When the 

accelerating voltage is decreased, the interaction volume with the matter also decreases, 

which improves the physical spatial resolution of EBSD. Though, the widening of Kikuchi bands 

at low primary beam energy makes indexing difficult. At low energy, less bands and zone axis 

are observed in the electron backscatter diffraction pattern compared to that at higher energy 

for the same detector distance from the specimen. For this reason, using low primary beam 

energy is not straightforward and modifications of the EBSD system are required to work 

reliably at this energy.[6] The quality of the diffraction pattern increases with Z and the spatial 

resolution may also improve with increasing Z [24]. 

Therefore, automated EBSD at present is limited to characterize materials with grain sizes 

larger than several tens of nanometers in diameter. Surface strains should be limited, defects 

such as dislocations may cause the pattern to lose sharpness. However, unless this is severe 

the pattern will be still analysable.[12],[24]  
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2.2.2. Operational parameters 

EBSD 

 Working distance:  

Considering that the optimum position depends on the geometry of the microscope, 

an optimum working distance is in the range of 15-25 mm. [10] 

 Accelerating Voltage:  

As it is mentioned in section 2.1.2. Electron Bacskcatter Diffraction (EBSD) in SEM, the 

used value for this parameter depends on the spatial resolution required and the 

atomic number of the specimen. Accelerating voltages between 15 and 30 kV are 

normally used and the most common value is around 20 kV.[10] 

 Specimen tilt angle:  

A tilt angle of 70° is obligatory for one calibration routine and, as this value represents 

a good compromise with regard to convenience and pattern contrast, it is often used 

as standard angle for EBSD.[10] 

 Probe current / Spot size:  

For small probe currents, the pattern-solving algorithms have difficulty deconvoluting 

and solving overlapping diffraction patterns of poor quality, whereas at large probe 

currents the resolution is limited by beam spread in the sample due to the large beam 

size. Thus the optimum resolution is obtained at intermediate probe currents.[27] 

The most commonly used value for a modern camera is a probe current about 5 nA.[10] 

In terms of spot size, the equivalent optimal value would be around 5. 

TKD 

As we mentioned before, the optimal values of these parameters are still under discussion. 

Results obtained by different sources will be presented below. 

 Working distance:  

It should be optimized for each material by choosing the WD for which the EBSD 

camera screen illumination is the highest[6]. A shorter working distance is better for 

acquiring TKD patterns. A good working range is 5-10mm, being 5mm an optimal 

value.[7],[5],[8],[1],6] 

Band contrast (pattern image quality) is enhanced when using shorter working 

distances because the number of transmitted electrons decreases when the scattering 

angle increases. However because the elastic scattering cross section is proportional to 

Z1.64, the working distance should be long for high Z materials and short for low Z 

materials.[6] 
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 Accelerating voltage: 

Acc. V. used are typically between 20 kV and 30 kV. The lower values are set for lower 

atomic number materials, in order to increase the diffracted signal.[1],[23],[5] A value of 

30 kV is usually set as the optimum.[6],[1],[8]  

The thicker the sample the higher Acc. V that should be used. Low values produce 

better patterns in thinner samples and high values produce better patterns in thicker 

samples.[5],[7] 

Acc. V. lower than 20 kV lead to Kikuchi bands broadening so they are less realiably 

picked up causing lower indexing rates. [5] Acc. V. higher than 30 kV increase the 

interaction volume with the matter so spatial resolution decreases. A balance between 

the specimen thickness and Acc. V must be achieved to obtain good results.[7]    

 Specimen tilt angle: 

There is a wide range of options for the optimal tilting angle that varies a lot 

depending on the source. 

A tilting angle about 30°-40° in the opposite direction of the usual tilting for 

conventional EBSD is set to be the optimum to get good TKD patterns.[7] Sample tilting 

from -20° to -40° gives patterns with enough band contrast to be indexed in this 

range.[6] 

The sharpness of the IQ maps become better at lower tilt angles (-20°). With increased 

tilt of the sample the electron path becomes longer, which results in increasing beam 

spreading in the specimen and poor spatial resolution. On the other hand, the 

confidence index and IPF (Inverse Polar Figures) orientation maps look better with 

higher tilting angles.[7] 

However, other results reflect that the best tilting angle range is between -10° and -

20°, drastically reducing the projected incident beam diameter in the specimen 

surface.[23] Or that no tilting angle is needed to obtain good patterns, so a horizontal 

specimen position is used, with the additional benefit of removing the need for 

dynamic focus or tilt correction.[5],[1],[8]   

As shown, there is nowadays still a lot of discussion around the optimum value for the 

tilting angle, depending a lot on the geometry of every system. 

 Probe current / Spot size: 

The range of values for the probe current is still also variable. Some sources consider 

the best range from about 200 pA to 1nA [22],[23], but other ones use a larger beam 

current in a range from 1 to 10nA[1],[5] in some cases and from 1nA-20nA[8] in some 

others. In terms of spot size, the optimal range would be around 4-5. 
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 Specimen thickness: 

The quality of the TKD patterns depends strongly on the thickness of the specimen. If 

the specimen is very thin the pattern becomes weak and noisy, having low contrast 

and being less easily indexed by the software. On the other hand, if the specimen is 

too thick, the pattern starts to loose sharpness starting at the outer edges of the 

screen and usually consists of two or more superimposed diffraction patterns, making 

indexing impossible.[7],[5] 

Thick specimens make diffracted electrons travel longer distance along the crystal 

plane, being scattered by atoms along the electron travel direction,  leading to a loss of 

intensity as a result of a diminution of the number of electrons traveling in the original 

diffracted direction. [7] 

If the specimen stays within a range estimated as 100 nm to 400 nm, good diffraction 

patterns can be obtained and overlaid grains don’t appear to seriously hamper the 

formation of the patterns, being the optimum range between about 100 nm to 200 

nm.[5],[7]  

Other sources show that this range can be much longer, talking about thicknesses from 

5 nm to 3µm, being well suited to nanoparticles and ultrathin films, but also suitable 

for very thick samples.[23] 
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2.2.3. Resolution 

Spatial resolution 

EBSD:  

The area from which an EBSD pattern is acquired with an electron beam focused on a 70° tilted 

sample is approximately elliptical, with the major axis, which is perpendicular to the tilt axis, 

being some three times that of the minor axis (Figure 2.18).[24] The spatial resolution is 

approximately three times worse on the major axis than on the minor axis (parallel to the tilt 

axis). In the best of cases, the spatial resolution of the EBSD technique is limited to about 20 

nm for dense materials, and 50 nm for lighter materials such as Mg and Al, parallel to the 

sample tilt axis.[5] 

TKD:  

The best spatial resolution achieved with this technique is on the scale of 5-10 nm, with 

potentially even better effective resolution on some samples (due to the ability of the EBSD 

software to deconvolve overlapping TKD patterns from adjacent grains). This figures are 

approximately an order of magnitude better than conventional EBSD.[1],[5],[8]  

Angular resolution 

EBSD:  

The absolute orientation of a crystallite is typically obtained with an accuracy of about 0,5°.[7],[1] 

TKD: 

The angular resolution of this technique is essentially similar to that of conventional EBSD (in 

the order of 0,5°). However, the unusual projection geometry of the TKD patterns results in 

relatively wide Kikuchi bands in the lower part of the pattern and this, in combination with the 

pronounced excess and deficient Kikuchi lines, can cause poor band detection if the standard 

Hough transform is used. The result is that the angular resolution in many of these datasets is 

approximately 1° for each measurement, although improvements to the band detection or the 

activation of advance pattern fitting algorithms can reduce this to the range typical for 

conventional EBSD.[1] 
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3. MATERIALS 

The investigated materials in this Master Thesis are described in this section, showing their 

composition and the processing prior to the characterization.  

 Copper (Cu): 99,98% pure copper with a 0,02% of oxygen. A bloc of this high purity 

copper is rolled to a thickness of about 1mm. Disks with a diameter of 15 mm are 

punched out of the copper plates and afterwards they are annealed at 550°C during 

1h. They are finally cooled down while staying in the oven (slow cooling). 

Then, some of the samples are heavily deformed by HPT in order to obtain subgrain 

formation by deformation. Both deformed and non-deformed samples are analyzed. 

 

 Aluminum (Al): 99,6% pure aluminum with 0,028% Fe, 0,050% Si, 0,049% Cu, 0,018% 

Mg, 0,005% Mn. The processing steps are almost the same as for copper. A bloc of this 

aluminum is rolled to a thickness of about 1mm. Disks with a diameter of 15 mm are 

punched out of the aluminum plates and afterwards they are annealed at 650°C during 

1h. They are finally cooled down while staying in the oven (slow cooling). 

Then, some of the samples are heavily deformed by HPT. Both deformed and non-

deformed samples are analyzed. 

 

 Steel: 

 

o A) 0.25C-1.5Si-3Mn steel. It is heat treated by quenching and partitioning: 

austenitisation at 850°C, quenching at 20°C/second until 244°C and then 

reheating at 10°C/second to 350°C for 50s to promote the carbon diffusion 

from the martensite to the austenite. It is a two phase material with a 

martensitic structure and some retained austenite. 

 

o B) Low-carbon low-alloyed steel (C<0.2%, Mn<2.0%, Si<1%, Cr<1%, Mo<1%). It 

is heat treated by cooling to 350 °C (after austenitization at 900 °C), holding at 

350 °C for 1h and quenching to room temperature. It is a two phase material 

with a mixture of bainite and tempered martensite. 
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4. SAMPLE PREPARATION 

After processing the samples, they need to be prepared in order to be properly observed and 

analyzed in the SEM, by conventional EBSD or TKD. 

4.1. SAMPLE PREPARATION FOR CONVENTIONAL EBSD 

4.1.1. Copper samples 

Firstly it is necessary to remove the oxide layer formed during the annealing process of the 

sample. This is done by grinding the sample with a 1200 grid sanding paper until a clean 

surface is reached, as it is shown in Figure 4.1. 

 

Figure 4.1. Copper samples after grinding. 

Then a polishing process should be carried out. A good and easy way to accomplish a good 

polishing is to attach the sample disk to a bakelite block with a double sided tape. This process 

is divided in some different steps: 

For the first three steps, a waterbased diamond suspension containing a mixture of high 

performance diamond and cooling lubricant with different grain sizes is used.[29] 

1. Grain size: 9 µm, on Largo cloth during about 6 minutes.  

2. Grain size: 3 µm, on Mol cloth during about 4 minutes. 

3. Grain size: 1 µm, on Nap cloth during about 2 minutes. 

4. Final polishing with OP-S on Chem cloth, which is a colloidal silica suspension with a pH 

of 9,8 and a grain size of about 0,04 µm especially suited for ductile metals, during 

about 10 minutes.[28]  

It is important to use the cloths only dedicated to copper because otherwise small particles 

from other harder materials could scratch the sample. The sample should be cleaned with 

water and methanol between every step to avoid the transfer of big particles from one cloth to 

another one. 

The final sample preparation step should be performed immediately before the EBSD 

measurement. It is an electrolytic polishing at 25°C, with a voltage of 15 V during 30 seconds. A 
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D2 electrolyte is used, which is made by a mixture of phosphoric acid, ethanol, propan-1-ol, 

water and urea.[30] 

4.1.2. Aluminum samples 

Sample preparation for aluminum is quite similar to the one for copper. First of all, it is 

appropiate to carry out a grinding process with 1200 grid sanding paper. 

Then a shorter polishing series than for copper should be done: 

For the first two steps, a waterbased diamond suspension containing a mixture of high 

performance diamond and cooling lubricant with different grain sizes is used.[29] 

1. Grain size: 3 µm, on Mol cloth during about 6 minutes. 

2. Grain size: 1 µm, on Nap cloth during about 5 minutes. 

3. An end polishing with OP-U, which is a colloidal silica suspension with a pH of 9,8 and a 

grain size of about 0,04 µm, like OP-S but with a slightly different composition that 

makes it less agressive, during about 10 minutes.[28] 

It is also important to use the cloths only dedicated to aluminum and to clean the sample with 

water and methanol every time we change the cloth.  

The last step is an electrolytic polishing and should be done just before the EBSD measurement 

at 22°C and a voltage of 48 V during 20 seconds. The electrolyte used is the A2, which consists 

of two mixed components, one formed by ethanol, 2-butoxyethanol and water, and the other 

one by perchloric acid 60% and water.[30] 
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4.2. SAMPLE PREPARATION FOR TKD 

4.2.1. Copper samples 

Copper disks are ground until a thickness between 100 to 150 µm is reached. Then the samples 

are cropped and cleaned with methanol. This is followed by an electropolishing process carried 

out at -20°C (cooled down by N2 liq.) with an electrolyte based on a 15% nitric acid, 70% 

methanol and 15% glycerol. 

The samples are finally cleaned again by methanol. 

The formed hole should be small and stay at the centre of the sample to avoid shadowing 

problems during the measurements. The following SEM image is a good example of how the 

central hole should look (Figure 4.2). 

 

Figure 4.2. Central hole of an annealed Cu sample prepared for TKD (SEM image). 

4.2.2. Aluminum samples 

As for copper, the aluminum disks thickness should be reduced until 100-150 µm, followed by 

cropping the samples and cleaning them with methanol.   

Then an electropolishing process is required. It is done at room temperature (20°C 

aproximately) with an electrolyte made of a 33% nitric acid and the rest of methanol. The 

prepared samples should look like the one on Figure 4.3. 
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Figure 4.3. Aluminum samples prepared for TKD measurements. 

It is important to be sure that the hole has been formed in a properly way because it is not 

always like this. In the following SEM image (Figure 4.4) there is an example of a badly formed 

hole. 

 

 

Figure 4.4. Badly formed hole on an annealed Al sample prepared for TKD (SEM image). 

4.2.3. Steel samples 

Both A and B steels have the same sample preparation. It is mainly the same as for copper and 

aluminum. Thinning the sample to 100-150 µm and then cropping it and cleaning it with 

methanol. In this case the electropolishing is made at room temperature (approximately 20°C) 

with a 95% acetic acid and 5% perchloric acid electrolyte.  
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5. EXPERIMENTS, RESULTS AND DISCUSSION 

5.1. GENERAL FEATURES 

As mentioned on the beginning of this Master Thesis, its aim is to find the best settings for the 

TKD technique, to be able to observe heavily deformed materials with small grain size and to 

compare the measurements to the conventional EBSD on the same materials. 

In order to accomplish this goal the experimental work is divided in different steps. All of them 

are described in detail in this section as well as all the properties and configurations of the 

used hardware. All results are shown and discussed and both TKD and EBSD techniques are 

compared. 

The main experimental part of this work, which includes nearly all the measurements made by 

conventional EBSD and TKD are carried out in a SEM FEI Quanta FEG 450. It is a high resolution 

Schottky field emission scanning electron microscope equipped with an EDAX electron 

backscattered diffraction (EBSD) system (Figure 5.1).[31]  

 

Figure 5.1. SEM FEI Quanta FEG 450 

Only in a last short section about TKD (5.7. More about TKD) another microscope is used. It is 

the FEI Nova 600 NanoLab, a dual beam SEM/FIB that combines ultrahigh resolution field 

emission SEM and precise Focused Ion Beam (FIB) etch and deposition, equipped with a 

Nordlys EBSD system (Figure 5.2). 
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Figure 5.2. FEI Nova 600 NanoLab, dual beam SEM/FIB. 

 

5.2. GETTING SKILLED WITH EBSD 

Before getting into the topic, some general measurements on conventional EBSD are carried 

out to get skilled with the technique. Changes in the quality and the indexing of the patterns 

are observed during the measurements when comparing different settings for the Acc. V., step 

size and WD on Cu and Al annealed samples.  
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5.3. SETTING UP TKD  

The first important part of this Master Thesis is to set up the optimal parameters for the TKD 

technique. As it is shown in 2.2. Present state section, there is some information about the 

optimum settings from a few different sources. However, as it is a recent technique still in 

development, the values for the optimal parameters are still in discussion within some 

determined ranges. 

5.3.1. Experiments 

The aim of this section is to plan a design of experiments based on the data obtained from 

different information sources and get the settings which offer the best results for the 

geometry and properties of the used system. 

Geometry settings 

The sample holder used for the measurements is the one shown on Figure 5.3, being the 

sample -30° pre-tilted from the horizontal. The pre-tilting of the sample holder is not a random 

value. It is negatively pre-tilted because of a geometrical reason, otherwise the EBSD camera 

would have a high risk to crash against the sample when entering the vacuum chamber. 

 

Figure 5.3. Sample holder for TKD tilted -30°. 

The phosphor screen (EBSD detector) is in a fixed position tilted 10° from the horizontal (Figure 

5.4). 
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Figure 5.4. Phosphor screen tilted 10°. 

Thus, the general scheme of the system is therefore the following one shown in Figure 5.5. 

 

Figure 5.5. Scheme of the geometry of the system. 

Design of experiments (DOE) 

Annealed samples of Cu and Al are used for the first exploration of the TKD technique. Two 

different materials are chosen to observe the effect of different atomic weights. The samples 

are fully annealed as their large grain sizes and low dislocation densities facilitate the 

measurements. 

The investigated parameters are the tilting angle, the accelerating voltage and the spot size. 

WD is fixed at 6 mm. The smallest possible value for the WD is chosen in order to achieve the 

best resolution. However, it can not be smaller because of a geometrical reason. At a WD 

lower than 6 mm, the sample would touch the electron beam source. 

Methods 

A) First, the best tilting angle is determined with a fixed Acc. V. of 30 kV and a fixed spot 

size of 5. This is carried out by taking 10 Kikuchi patterns on different spots within a 

grain (every time the same grain) at different tilting angles and by comparing them in 

order to choose the best one(Figure 5.6). Tilting angles are varied from -5° to -30° from 

the horizontal. A higher negative tilting angle is not available because of geometrical 

reasons. The following step is to change the Acc. V. and the spot size to improve the 
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obtained patterns. However, tilting angle results cannot be trusted because of the 

specimen thickness effect (described in 5.3.2. Results and discussion section) so a new 

strategy is performed. 

 

 
Figure 5.6. SEM image showing the different spots where the 10 Kikuchi patterns were 

taken from in Al sample. 

 

B) A new design of experiments is created based on the following table (Table 5.1): 

 

Parameters Values 

Accelerating Voltage (kV) 20, 30 

Spot size 4, 5 

Tilting angle (°) -10, -20, -30 

 

Table 5.1. Design of experiments for TKD setting up.  

 

This DOE also takes into account changes in the Acc. V., spot size and tilting angle 

considering all the possible combinations but instead of changing the parametres in 

two steps it does it at once. In addition, 5 patterns are taken within a grain (every time 

the same grain) at different points on a line from the thinnest area (close to the centre 

hole) towards the thickest zone (Figure 5.7). Thus, thickness effect is also analyzed and 

it is possible to determine the best area to take the patterns. 
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Figure 5.7. SEM image of a Cu sample’s closest area to the centre hole. 5 different 

spots are drawn on a line in order to know the best distance from the hole to take the 

patterns and the ideal range of thicknesses. 

 

All given tilting angles in both A and B methods are calculated from the horizontal and they are 

the final tilting angles of the specimen. It is important to remark that, as the specimen is -30° 

pre-tilted on the sample holder, the stage should not be tilted with the given values. The next 

table (Table 5.2) shows how the given tilting angles, the real angle between the sample and 

the phosphor screen, and the tilting angles of the stage are related. 

 

Final specimen tilting angle 

from the horizontal (°) 

Tilting angle between 

specimen and detector (°) 
Stage tilting angle (°) 

-10 70 20 

-20 60 10 

-30 50 0 

 

Table 5.2. Connection between the diferent tilting angles. 

 

The real angle between the sample and the phosphor screen has a very significant meaning 

because the optimum value will reveal wether a small volume of interaction or a high signal 

(more BSE arriving to the detector) is more important in order to have the best results. The 

angle between the phosphor screen and the perpendicular to the electron beam is 80°. 

Therefore, if a balance between the volume of interaction and the signal amount was the 

optimum to obtain the best results, the specimen should be tilted ideally -40° as shown in 
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Figure 5.8. However, if a small volume of interaction was more dominant than a high signal 

arriving to the detector the sample should be tilted less than -40°, and vice versa.  

 

 
Figure 5.8. Scheme of the ideal balance between the volume of interaction and the amount of 

signal towards the detector (phosphor screen). 

5.3.2. Results and discussion 

This section analyzes all the collected Kikuchi patterns (with method B) separated by materials, 

Cu and Al, and within each material the patterns are classified in four different conditions 

leaving only the tilting angle as a variable. At each specific conditions and determinate tilting 

angle, five Kikuchi patterns are shown from different distances to the sample hole (Annex 1: 

Setting up TKD). The conditions are the following (Table 5.3): 

                      Spot size 

  4 5 

Accelerating 

Voltage (kV) 

30 C A 

20 D B 

Table 5.3. Experiment conditions for TKD setting up. 

Observing the image quality of the patterns, it is possible to conclude which are the best 

parameters for both materials (Al and Cu). 

Accelerating voltage and specimen tilting angle 

The value for the Acc. V. that gives the best results for both materials is 30 kV (Figure 5.9, 

Figure 5.10), which is in good agreement with many authors such as P.W. Trimby [1], N. 

Brodusch, H. Demers, M. Trudeau, R. Gauvin [6], and Oxford Instruments [8]. 
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a)  b)     

Figure 5.9. Kikuchi patterns from Cu (WD: 6 mm, Spot size: 5, tilting angle: -10°). a) 

Accelerating Voltage: 30 kV. b) Accelerating Voltage: 20 kV. 

 

a) b)     

Figure 5.10. Kikuchi patterns from Al (WD: 6 mm, Spot size: 5, tilting angle: -10°). a) 

Accelerating Voltage: 30 kV. b) Accelerating Voltage: 20 kV. 

 

The optimum found tilting angle is -10° also for both materials (Figure 5.11, Figure 5.12), which 

means that a small volume of interaction definetely is more important than a high signal 

arriving to the detector when trying to obtain a good TKD pattern. 

a)  b)    c)    

Figure 5.11. Kikuchi patterns from Cu (WD: 6 mm, Spot size: 5, Accelerating Voltage: 

30 kV). a) Tilting angle: -10°. b) Tilting angle: -20°. c) Tilting angle: -30°. 

a)   b)     c)    

Figure 5.12. Kikuchi patterns from Al (WD: 6 mm, Spot size: 5, Accelerating Voltage: 30 

kV). a) Tilting angle: -10°. b) Tilting angle: -20°. c) Tilting angle: -30°. 
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As having the best results with the lowest tested tilting angle, a -5° tilting angle is subsequently 

tried but no good results are obtained. There is a high effect of shadowing due to the low 

tilting angle, so that confirms that for this microscope the optimum tilting of the specimen is 

about -10°. This experimental results are in good agreement with K. P. Rice, R. H. Geiss, R. R. 

Keller [23], but others have a different opinion [1], [5], [7], [8]. 

Concluding, for a tilting angle of -10°, the specimen chamber should look like the following 

image (Figure 5.13): 

 

Figure 5.13. Specimen chamber for TKD technique with EBSD camera in. 

Spot size 

The optimal spot size for both Cu and Al is 5 (Figure 5.14, Figure 5.15), which means that this 

value is a compromise between a small interaction volume and an acceptable pattern clarity 

for the system configuration used. 

a) b)      

Figure 5.14. Kikuchi patterns from Cu (WD: 6 mm, Accelerating Voltage: 30 kV, tilting 

angle: -10°). a) Spot size: 5. b) Spot size: 4. 
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a)  b)     

Figure 5.15. Kikuchi patterns from Al (WD: 6 mm, Accelerating Voltage: 30 kV, 

tilting angle: -10°). a) Spot size: 5. b) Spot size: 4. 

As shown in this analysis, it is possible to conclude that the best conditions for both materials 

(Al and Cu) are: 

 

The difference between both materials lies in the distance from the hole where the pattern 

should be taken. In fact, this is the same as the optimum thickness of the foil because the 

thickness increases progressively from the hole to the edge of the sample. 

Effects of specimen thickness and atomic weight 

TKD needs samples to be transparent to electrons and as it is previously mentioned in 2.1.3. 

Transmission Kikuchi Diffraction (TKD) in SEM section, the quality of TKD patterns is very much 

dependent on the thickness of the specimen. For this reason it was impossible to draw 

conclusions from the patterns collected with method A. As they are from random spots within 

a grain, the ones that are on the area with the optimum thickness are good but the rest have 

lower image quality because of the thickness effect, and that disturbs the evaluation of the 

optimal tilting angle. 

In method B, the patterns are taken from ordered spots in a line in a known distance from the 

hole. Thus, it is possible to evaluate the thickness effect in a clear way and be able to 

determine the optimal parameters. 

TKD patterns show that for aluminum the ideal area to be analyzed is further from the hole 

than for copper, which means that the optimum thickness for aluminum is larger than for 

copper (Figure 5.16, Figure 5.17). The reason which explains that is the different atomic weight 

of both materials. Copper’s atomic weight is 63,55 and aluminum’s one is 26.98. The amount 

of backscattered signal increases with the atomic number, therefore, as TKD uses the forward-

scattered electrons not the backscattered ones, for a high atomic weight material the 

optimum thickness is smaller than for a low atomic weight material.  

 Working distance: 6 mm 

 Accelerating voltage: 30 kV 

 Spot size: 5 

 Tilting angle: -10° 
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Figure 5.16. Kikuchi patterns from Cu (WD: 6 mm, Accelerating Voltage: 30 kV, 

tilting angle: -10°, spot size: 5. 

 

Figure 5.17. Kikuchi patterns from Al (WD: 6 mm, Accelerating Voltage: 30 kV, 

tilting angle: -10°, spot size: 5. 

 

It is also possible to observe that in general, if the area of the specimen where the pattern is 

taken is very thin, it becomes weak and noisy, having low contrast. On the other hand, if the 

specimen is too thick, the pattern starts to loose sharpness starting at the outer edges of the 

screen. This experimental results are completely agree with S. Suzuki [7] and P. W. Trimby [5]. 

Other observations 

The working area in the sample is all the time within the same grain so no other variables are 

introduced into the measurements. It is very important not to take the patterns exactly in the 

same point because every time a pattern is taken there is some carbon deposition,which can 

lower the quality of the following taken patterns from the same point, resulting in wrong 

results. 

Setting a good background is a crucial aspect to obtain good patterns. 

There is another fact that can hinder the user from getting good TKD patterns. The specimen’s 

closest surface to the hole is not flat due to the electropolishing process, which makes the real 

tilting angle of the analyzed surface unknown. That can influence the measurements, not 

severely but can prevent the user from having the best possible results.  

Finally, there are some Hough Settings that may help to obtain good measurement results. The 

ones shown in Figure 5.18 are used to perform all the scans in this Master Thesis. 
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Figure 5.18. Hough settings in OIM software. 
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5.4. NON-DEFORMED SAMPLES 

This section starts the second remarkable part of the Master Thesis, which is based on putting 

into action both techniques and comparing the obtained results. 

5.4.1. Experiments 

EBSD on non-deformed samples 

Conventional EBSD measurements on Al and Cu annealed samples are done. All of them are 

carried out in the following conditions: 

 Acc. V: 18 kV 

 WD: 16 mm 

 Spot size: 5 

 Tilting angle: 70° 

First of all, a large scan of each material is made in order to have an idea about their grain size. 

Both scans are made with a step size of 2 µm and a magnification of 800x. 

Afterwards, some more scans are carried out on every sample with a step size of 0,01 µm and 

a magnification of 20000x. In this case, the scans are done over one single grain boundary with 

the aim of estimating the limits of the resolution for the EBSD technique at these conditions. 

Three kinds of grain boundary are analyzed: vertical, horizontal (being the bottom grain over 

the top one, Figure 5.19a) and horizontal (being the top grain over the bottom one, Figure 

5.19b).  

 

Figure 5.19. Annealed Cu SEM images. a) Horizontal gran being the bottom grain over the top 

one. b) Horizontal grain being the top grain over the bottom one. 

The reason for analyzing two different kinds of horizontal grain boundaries is that, when 

scanning them, the electron path goes through two different grains and some differences 

could be observed between each type in the resulting measurements. When scanning vertical 
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grain boundaries every electron of the beam only goes through one grain at one side of the 

boundary, so better results are expected.  

TKD on non-deformed samples 

In this section a vertical grain boundary and a horizontal one are analyzed by TKD in Cu and Al 

annealed samples. Many scans are made on each sample with a step size of 0,01 µm and a 

magnification of 20000x in order to be able to compare them with conventional EBSD results.  

All the scans are done under the following conditions: 

 Acc. V: 30 kV 

 WD: 6 mm 

 Spot size: 5 

 Tilting angle: -10° 

It is important to emphasize that the central hole of the sample should stay at the very centre 

of the sample holder. Otherwise some shadowing effects can be observed when running the 

measurements (Figure 5.20). 

 

Figure 5.20. Central hole of an annealed Cu sample prepared for TKD (SEM image). 

Also the steel sample B is investigated. Two scans are carried out, one with a step size of 0,02 

µm and a magnification of 15000x, and the other one with a step size of 0,01 µm and a 

magnification of 30000x. 

5.4.2. Results and discussion 

Samples grain size 

A first large scan by conventional EBSD on each material reveals its grain size. The following 

images show the IPF maps for Cu and Al annealed samples (Figure 5.21): 
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a)  

b)  

Figure 5.21. Cleaned IPF maps obtained by EBSD (step size: 2 µm, magnification: 800x). a) 

Annealed Cu sample. b) Annealed Al sample. 
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The estimated average grain size for both annealed Cu and Al samples is about 25 µm in 

diameter with a grain tolerance angle of 15°. The grain size difference when including or 

excluding twin boundaries is very pronounced for copper films. In this case twins are excluded. 

Spatial resolution: EBSD vs. TKD 

Through scanning different kinds of grain boundaries by both EBSD and TKD techniques and 

comparing them, it is possible to observe that TKD has a significantly higher resolution than 

conventional EBSD. 

Before doing comparisons between both techniques, it is remarkable that when analasying a 

horizontal grain boundary by conventional EBSD, there is an inconspicuous improvement from 

the horizontal grain boundary (being the bottom grain over the top one) to the horizontal one 

(being the top grain over the bottom one). It is shown on the following IPF maps (Figure 5.22). 

a) b)    

Figure 5.22. IPF cleaned maps from annealed Cu samples by EBSD (step size: 0,01 µm, 

magnification: 20000x). a) Horizontal grain boundary (bottom grain over the top one). 

b) Horizontal grain boundary (top grain over the bottom one). 

And the difference is quite more pronounced when doing measurements over a vertical grain, 

the improvement is noticeable (Figure 5.23). In vertical grains the electrons only go through 

one grain, thus the results are better. 

 

Figure 5.23. IPF cleaned map from a vertical grain boundary in an annealed Cu sample by EBSD 

(step size: 0,01 µm, magnification: 20000x).   

Even comparing the best results in each case, it can clearly be seen that spatial resolution for 

TKD is much higher than for EBSD. The following IPF and IQ maps from Cu and Al samples make 

that evident (Figure 5.24, Figure 5.25). 
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Figure 5.24. Annealed Cu sample (step size: 0,01 µm, magnification: 20000x). a) IPF and IQ  

cleaned maps obtained by conventional EBSD. b) IPF and IQ cleaned maps obtained by TKD.  

 

 

Figure 5.25. Annealed Al sample (step size: 0,01 µm, magnification: 20000x). a) IPF and IQ  

cleaned maps obtained by conventional EBSD. b) IPF and IQ cleaned maps obtained by TKD. 

The best explanation for this improvement in spatial resolution is related to the volume of 

interaction electron beam – sample. Due to a geometrical reason, forward-scattered electrons 

scatter through small angles, resulting in little spreading in thin specimens, many high-energy 
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electrons reach exit surface and thus, in TKD, this volume is much smaller than in conventional 

EBSD (Figure 2.24, Figure 2.25).  

Thickness effect on TKD 

As it is shown in the previous section, spatial resolution is much better for TKD than for 

conventional EBSD. But to get good measurement results it is very important to work on the 

proper area with the adequate thickness. A clear example of this thickness effect is displayed 

on the following IPF map of the steel sample B, being the bottom part of the image the 

thinnest area of the sample and the closest to the hole (Figure 5.26).   

 

Figure 5.26. Steel sample B IPF map by TKD (step size: 0,02 µm, magnification: 15000x). 
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5.5. DEFORMED SAMPLES 

5.5.1. EBSD on heavily deformed samples 

This section’s focus of study are Cu and Al heavily deformed samples by HPT. This deformation 

technique generates a non homogeneous structure on the sample, the edge part is more 

deformed than the inner part so a higher subgrain formation should be observed close to the 

edge.The aim is to be able to observe and analyze the different kinds of structures present in 

each material and to know which is the limit of conventional EBSD for heavily deformed 

structures with a really small grain size. 

Experiments 

Some hardness tests are done on both samples to create a hardness map of them and relate 

the EBSD measurements with the obtained hardness values at every zone.  

The Cu sample is the first to be analyzed. Two scans are done in different zones but it is hard to 

know which is the zone that is being observed. To solve that, some indentations are made in 

known positions (Figure 5.27) on both Cu and Al samples. 

 

Figure 5.27. a) Designed pattern to perform indentations on deformed Cu sample. b) 

Indentation observed by microscope. 

With the indentations on the sample, more scans are done on both Al and Cu deformed 

samples with the following conditions: 

 Acc. V: 18 kV 

 WD: 16 mm 

 Spot size: 5 

 Tilting angle: 70° 
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Some scans are made on spots close to every one of the indentations: at the centre, at 2mm 

from the centre, at 4mm from the centre and at 6 mm from the centre (close to the edge), 

with a step size of 0,2 µm and a magnification of 2300x. Also some scans with a higher 

magnification are made in the areas of smaller grain size with a step size of 0,04 µm. 

A final scan is made on the most heavily deformed area (close to the edge) of the Al sample 

with a step size of 0,01 µm and a magnification of 6500x in order to observe the limits of the 

resolution in the junctions between grains. 

Results and discussion 

Both Cu and Al samples are observed in different areas in order to evaluate the different 

amount of deformation at every zone. 

Heavily deformed Cu sample 

The hardness map of the Cu sample reveals that something went wrong during its processing 

(Figure 5.28). Hardness values on the edge area are lower than the ones on the centre.  

 

 

Figure 5.28. Heavily deformed Cu sample Vickers Hardness (HV) map. 

In order to know what happened, the structure is studied on four different zones following the 

indentations pattern: centre area, at 2mm from the centre, at 4 mm from the centre and at 6 

mm from the centre. In the following IPF maps from different spots on the sample the 

structure is clearly linked to the hardness measurements (Table 5.4): 
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Area 

of the 

sample 

IPF map Description 

Centre 

 

 

The centre spot of the sample is 

always less deformed than the 

rest because it is the area that 

suffers less torsion. The observed 

structure by the IPF map shows 

the original grains with a few 

deformation. Thus, it matches 

with the low hardness results at 

the centre spot. 

(step size: 0,2 µm, magnification: 

2300x) 

2 mm 

from 

the 

centre 

 

 

This area is much more deformed 

than the previous one and 

hardness tests also show higher 

values. On the other hand, this 

area has still not enough 

deformation to reach a complete 

subgrain formation process.  

 

(step size: 0,2 µm, magnification: 

2300x) 
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4 mm 

from 

the 

centre 

 

This spot should have a more 

advanced process of subgrain 

formation than at 2 mm from the 

centre but it is not like that. Here, 

grains are obviously recrystallized. 

The deformed area has nearly 

desappeared. That matches with 

the low values of hardness for that 

zone. 

 

(step size: 0,2 µm, magnification: 

2300x) 

6 mm 

from 

the 

centre 

 

This should be the most deformed 

area of the sample but the same 

as in the previous zone has 

happened. In this case, the grain 

size is smaller because the 

previous deformation to 

recrystallization was heavier. 

 

 

(step size: 0,2 µm, magnification: 

2300x) 

Table 5.4. Different present structures on a Cu heavily deformed sample by HPT. IPF cleaned 

maps made by conventional EBSD. 

The most likely reason of that unexpected observed material structure is a recrystallization 

process due to the embedding of the sample after the deformation process in bakelite at 

180°C. This fact has been empirically demonstrated in similar  cases in some other articles [32]. 

The low Cu recrystallization temperature together with its high purity and the high energy kept 

by the material due to the previous deformation process make the sample really sensitive to 

recrystallization. The higher the degree of deformation, the more recrystallization takes 

place[32]. Thus, the recrystallized part of the heavily deformed Cu sample is the outer one, 

which in turn is the most deformed zone when using HPT technique. 
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Heavily deformed Al sample 

Conversely, the Al sample shows the expected results for hardness measurements having 

higher hardness values on the areas close to the edge than the central zone (Figure 5.29). It 

was also embedded at 180° in bakelite but no recrystallization took place because it is not high 

purity aluminum. 

 

Figure 5.29. Heavily deformed Cu sample hardness map (HV). 

Also the observed structures in the different analyzed areas matched with that results, being 

the outer zones of the sample more heavily deformed than the central ones (Table 5.5). 

Area 

of the 

sample 

IPF map Description 

Centre 

 

As the centre area of the sample is 

the one that suffers least torsion 

in HPT, the structure is only 

slightly deformed. The IPF map 

shows the original grains of the 

structure with a few deformation. 

Therefore, it matches with the low 

hardness results at the centre 

spot. 

(step size: 0,2 µm, magnification: 

2300x) 
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2 mm 

from 

the 

centre 

 

This zone presents more 

deformation and shows the 

beginning of the subgrain 

formation process. Hardness 

values increase as the 

deformation does. 

 

 

(step size: 0,2 µm, magnification: 

2300x) 

4 mm 

from 

the 

centre 

 

This area already shows a high 

degree of deformation. The 

subgrain formation could be 

clearly seen and hardness values 

are higher accordingly to the 

observed structure. 

 

 

(step size: 0,2 µm, magnification: 

2300x) 
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6 mm 

from 

the 

centre 

 

The most deformed area of the 

sample. It is possible to observe, 

as well as the subgrain formation, 

the elongation of some grains in 

the torsion direction. The 

structure matches with the 

hardness values, which are the 

highest of the sample. 

 

(step size: 0,2 µm, magnification: 

2300x) 

Table 5.5. Different present structures on an Al heavily deformed sample by HPT. IPF cleaned 

maps made by conventional EBSD. 
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5.5.2. TKD on heavily deformed samples 

For testing the applicability of TKD to nanostructured materials the Al heavily deformed 

specimen is chosen to be analyzed because it is the one with a smaller grain size. In fact, the 

study is based on the TKD sample prepared from the closest area to the egde on the disk (the 

most deformed one). The aim is to be able to observe with detail the subgrain formation 

process and to notice some improvements in resolution compared to conventional EBSD. 

Experiments 

Many scans are performed in different zones of the sample with a magnification of 2300x and 

different step sizes of 0,2 µm, 0,04 µm and 0,03 µm. Finally a smaller scan with a higher 

magnification is carried out (8000x) with a step size of 0,01 µm. 

All the scans are done under the following conditions: 

 Acc. V: 30 kV 

 WD: 6 mm 

 Spot size: 5 

 Tilting angle: -10° 

Results and discussion 

The subgrain formation is visible with the Forward Scatter Detector (FSD) image. In fact, it is 

possible to see the change in the grain size from the annealed sample (Figure 5.30a) to the 

heavily deformed one (Figure 5.30b). 

a)   
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b)  

Figure 5.30. FSD images. a) Annealed Al sample. b) Heavily deformed Al sample by HPT. 

The aluminum annealed sample had an average grain size about 25 µm in diameter, and after 

deformation the average grain size has decreased to 1 µm in diameter. This grain sizes are 

calculated with a grain tolerance angle of 15°. 

It is also possible to see some particles on the Al sample surface (Figure 5.30a). At first, they 

seemed to be precipitates so a composition analysis is carried out by energy dispersive X-ray 

(EDX), which  is an x-ray technique used to identify the elemental composition of materials. 

The unexpected results show that the most abundant element in the particles is copper (Figure 

5.31). As the amount of Cu is really low in the Al sample, a possible explanation is that when 

polishing the sample with the same cloths as for Cu samples, some particles can be 

mechanically stuck to the surface. 

 

Figure 5.31. Aluminum sample surface particles EDX analysis. 
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To study the deformed sample with more detail it is appropiate to observe the following maps 

and information obtained through some scannings by TKD. Subgrain formation is much more 

clearly seen by both IPF and IQ maps (Figure 5.32, Figure 5.33). Both maps are obtained by 

OIM software from the same scan. The structure is perfectly visible due to the high spatial 

resolution of the technique (it will be compared to the conventional EBSD on the following 

section EBSD vs TKD). 

The top part of the image is the thinnest one, really close to the hole of the sample, giving a 

small zone of bad indexation and image quality. The rest of the scanning area is in an optimal 

thickness range, giving place to really good results. 

 

Figure 5.32. IPF cleaned map obtained by TKD and processed by OIM software from an Al 

heavily deformed sample by HPT (step size: 0,2 µm, magnification: 2300x). 
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Figure 5.33. IQ map obtained by TKD and processed by OIM software from an Al heavily 

deformed sample by HPT (step size: 0,2 µm, magnification: 2300x). 

Subgrain formation is given by a process based on two stages (Figure 5.34, Figrue 5.35).  

On the first stage, a hardness increase is given with deformation due to dislocations begin to 

aggregate, resulting in the formation of subgrains within the existing grains (I). Grain 

boundaries have low misorientation angles and they are poorly defined. When increasing 

strain, subgrain size decreases and grain boundaries misorientation angle and definition 

increase. [33] 

A critical strain is reached, the hardness saturates and becomes constant, being independent 

of the further straining (II). In the saturation zone a balance is found between the dislocation 

generation and annihilation. On the second stage, grain boundaries have a high angle of 

misorientation, being very well defined. [33] 
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Figure 5.34. Evolution of hardness values during subgrain formation process by deformation. 

[33] 

 

Figure 5.35. Scheme of the microstructural evolution with straining. Subgrain formation 

process by deformation. [33] 

Taking profit of the high resolution of TKD technique it is also possible to observe the subgrain 

formation in the Al deformed sample, which can help to have a better undestanding of the 

process (Figure 5.36). The first image is just the IQ map (Figure 5.36a) and the second one 

(Figure 5.36b) is the Kernel average misorientation map with grain boundaries highlighted. 

Both are processed from the same scanned area in the sample and comparing them can be 

useful to understand what happens. In image (b) it is possible to observe the high angle grain 

boundaries (HAGB) with a misorientation angle higher than 15° in black, and the low angle 

grain boundaries (LAGB) with a misorientation angle between 5° and 15° in white. But it is also 

possible to observe some green zones which, in fact, are areas with a high amount of 

dislocations that show misorientation angles lower than 5° but higher than the rest of the 

grain (represented by color blue). This areas are those where the subgrain formation process 

starts. 
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a)  

b)  

Figure 5.36. Scans made by TKD and processed by OIM software from a heavily deformed Al 

sample (step size: 0,03 µm, magnification: 2300x). a) IQ map. b) Kernel average misorientation 

map with grain boundaries. 

It is possible to link the information taken from this map (Figure 5.36b) to the description of 

the subgrain formation process. The green zones would represent the beginning of the first 

stage, showing the acummulation of dislocations and the start of subgrain formation. The 

white lines, which show the low angle grain boundaries are the next step also on the first 
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stage. Finally the black lines show the small sized grains, with high angle grain boundaries well 

defined, of the second stage.  

In this sample the subgrain formation process is really advanced, thus many small equiaxed 

grains with HAGB’s are visible. 

EBSD vs TKD  

During previous sections many comparisons between EBSD and TKD have been done. 

However, the aim of this Master Thesis is synthesized in this short chapter. Here are shown 

some comparative maps in order to see the improvement that TKD provides in spatial 

resolution and to prove that it is a really powerful tool for studying nanostructured and highly 

deformed materials. 

The same area in the Al heavily deformed sample is scanned by EBSD and by TKD and the 

obtained IPF maps are compared (Figure 5.37). The following scans are both made at a 

magnification of 2500x and a step size of 0,04 µm. As it is clearly seen, the IPF map obtained by 

TKD (Figure 5.37b) has much more resolution than the one obtained by EBSD (Figure 5.37a). 

Grain boundaries are significantly narrower in the TKD IPF map. 

a) b)  

Figure 5.37. Heavily deformed Al IPF maps without cleaning (step size: 0,04 µm, magnification: 

2300x). a) Scan made by conventional EBSD. b) Scan made by TKD. 

One more magnified image can be very useful to do the comparison (Figure 5.38): 



76 
 

a) b)  

Figure 5.38. Heavily deformed Al IPF maps without cleaning (step size: 0,04 µm, magnification: 

2300x). a) Scan made by conventional EBSD. b) Scan made by TKD. 

Also, comparing two IQ maps from the same area is a good proof of the better resolution of 

TKD (Figure 5.39). In the TKD IQ map (Figure 5.39b) the grains can be seen in a much more 

defined way than in the EBSD IQ map (Figure 5.39a). 

a)  
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b)  

Figure 5.39. Heavily deformed Al IQ maps (step size: 0,2 µm, magnification: 2300x). a) Scan 

made by conventional EBSD. b) Scan made by TKD. 

Thus, it is possible to conclude that TKD is a completely suitable technique for nanomaterials 

characterization and analysis due to its high spatial resolution combined with its usability. 
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5.6. TKD ON A TWO PHASE STEEL 

Until this section, all the studied materials have been single phase materials. In this chapter 

the goal is to be able to characterize a two phase material, a martensitic steel (sample A) 

which contains retained austenite in really small amounts, by TKD. Also the resolution limits of 

the technique will be tested as the austenite grains are sometimes in the nano scale. 

5.6.1. Experiments 

Some scans are carried out by TKD on the steel sample A at a really high magnification (20000x 

and 40000x) and a step size of 0,01 µm in order to be able to observe the retained austenite 

between the martensite grains. 

Both of them are done at: 

 Acc. V: 30 kV 

 WD: 6 mm 

 Spot size: 5 

 Tilting angle: -10° 

5.6.2. Results and discussion 

Observing the phase map overlaid on the IQ map, the presence of austenite within the 

martensite grain boundaries is clearly visible (Figure 5.40). The green color shows the 

martensite phase and the red one the retained austenite. 

 

Figure 5.40. Steel sample A phase map overlaid on IQ map performed with OIM software. Scan 

made by TKD at a magnification of 20000x and a step size of 0,01 µm. 
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To obtain the two phase steel (sample A), it was heat treated as explained in 3. Materials 

section,  by quenching and partitioning. Due to this process, iron alpha appears in a martensite 

structure (BCC) and some austenite (iron gamma, FCC) is retained between its grains.  As there 

is hardly diffusion, the interphase grains change their orientation, as Kurdjumov-Sachs (KS) 

relationship describes, resulting an axis rotation of 90° on the normal plane to {112} leading to 

a parallel state between both {110}bcc/{111}fcc planes.  

The phase maps on the following figure show a white line at the martensite-austenite 

interphase. This line represents the Kurdjumov-Sachs (KS) relationship, which means that the 

measurements are correct and the red phase is, as expected, retained austenite (Figure 5.41). 

HAGB are also shown in black. 

 

Figure 5.41. Steel sample A. Kurdjumov-Sachs (KS) relationship and HAGB shown on phase 

maps performed with OIM software. Scans made by TKD at a magnification of 20000x and a 

step size of 0,01 µm. 

Conventional EBSD is clearly not a good technique to measure retained austenite in 

martensitic structures. The experience of some authors is that EBSD seldom gives the same 

high levels as e.g. X-rays. This is probably due to the austenite transforming to deformation 

induced martensite during the sample preparation or to relaxation of stresses caused by the 

introduction of a free surface.[35]  
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Nowadays no good technique for characterizing this kind of two phase materials is known. X-

ray diffraction (XRD) is the best one for bigger grains and TEM for really small grains, but TKD is 

a good mix that can meet all the requeriments.  
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5.7. MORE ABOUT TKD 

The aim of this last short chapter is to improve the obtained results by TKD with the SEM FEI 

Quanta FEG 450, by using another microscope, the FEI Nova 600 NanoLab. This much more 

powerful microscope allows the user to work at a shorter WD. The idea is to improve even 

more the spatial resolution of this technique by using a shorter distance between the pole 

piece and the sample. 

5.7.1. Experiments 

A scan at a magnification of 30000x and a step size of 0,015 µm is carried out on the same 

heavily deformed aluminum sample analyzed on the previous section 5.5.2. TKD on heavily 

deformed samples, to be able to observe the junctions between grains. The WD is set at 5 mm, 

the tilting angle at -30°, the Acc. V. at 30 kV and probe current at 2,4 nA. The reason of setting 

up this tilting angle is later explained in 5.7.2. Results and discussion section. Some FSD images 

of the specimen structure with high resolution are also taken. 

5.7.2. Results and discussion 

The following image (Figure 5.42) shows an example of how powerful the FEI Nova 600 

NanoLab microscope is. It is a FSD image from the Al sample scanned area. The subgrain 

structure can be clearly observed due to its high resolution. 

 

Figure 5.42. Heavily deformed aluminum FSD image in a dual beam SEM/FIB FEI Nova 600 

NanoLab. 

Trying to find the best conditions to make the scan, it is clear that the optimal found values for 

the different parameters on the other SEM (FEI Quanta FEG 450) are not the optimal for that 
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one. When using low tilting angles such as -10° a lot of shadowing occurs so a tilting of -30° is 

finally chosen. 

TKD parameters should be defined separately for each individual type of hardware. This 

explains the diversity in opinions in some parameters in the published papers related to this 

technique. When using optimal parameters set from one microscope on another microscope, 

the scan results are not as good as expected (Figure 5.43). 

 

Figure 5.43. Heavily deformed Al IPF map without cleaning (step size: 0,015 µm, magnification: 

30000x). Scan made by TKD. 

 

Figure 5.44. Heavily deformed Al IQ map (step size: 0,015 µm, magnification: 30000x). Scan 

made by TKD. 
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The image quality of some patterns obtained before performing the scan is so good and in fact, 

the image quality map of the scan is not that bad (Figure 5.44). The problem is that the 

indexing is quite low in some spots of the sample. 

There are two possible explanations to that. The first and obvious one is that the values used 

for the different parameters are not optimal. A study like the previous section 5.3. Setting up 

TKD should be performed for this specific microscope in order to improve the results. 

Another reason for the bad indexation could be the appearance of two overlaid patterns for 

the same spot. This is more likely to occur with the current SEM than with the previous one 

due to the differences in tilting angle and the occurrence of surface irregularities of the 

sample. With a tilting angle of -10°, the interaction volume between the beam and the 

specimen is smaller (Figure 2.25) and the presence of an irregularity doesn’t affect the 

resolution because the beam, in the last layer of the material (where the pattern is formed), is 

still enough narrow to go through only one grain. On the other hand, with this SEM the sample 

is tilted to -30° to avoid shadowing. That makes the interaction volume larger so the beam can 

go through two grains in the last layer of material when passing over an irregularity (a thicker 

spot), resulting in two overlaid patterns, which makes indexing impossible. 

Therefore, it is important to conclude that a perfect sample with a flat surface should be 

prepared to obtain the best results by TKD. Any non-flat zone can lead to bad measurements. 

A proposal would be to use a more accurate electropolishing method for the TKD sample 

preparation instead of the currently used one, based on two jets. Otherwise, another solution 

would be to try to use a smaller probe current in order to decrease the beam spot size and 

hence, reduce the interaction volume and avoid the formation of two overlaid patterns. 

Despite this, it would be really interesting to study further possibilities with TKD using a lower 

working distance, even of 4 mm and to try to further improve the achieved spatial resolution. 
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6. CONCLUSIONS 

6.1. SETTING UP TKD 

- The optimal parameter settings are strongly dependent on the used equipement and 

all the investigations below are made for a FEI Quanta FEG 450 SEM. 

- The value for the Acc. V. giving the best results for both materials is 30 kV. 

- The optimum found tilting angle is -10° also for both materials, which means that a 

small volume of interaction definetely is more important than a high signal arriving to 

the detector when trying to obtain a good TKD pattern. 

- Lower tilting angles than -10° result in a high effect of shadowing. 

- The optimal spot size for both Cu and Al is 5, which means that this value is a 

compromise between a small interaction volume and an acceptable pattern clarity for 

the system configuration used. 

 

 

- In conclusion, optimal conditions are:  

 

- The quality of TKD patterns is very much dependent on the thickness of the specimen. 

- TKD patterns show that the optimum thickness for aluminum is larger than for copper 

due to the difference in atomic weight: For a high atomic weight material the optimum 

thickness is smaller than for a low atomic weight material. 

6.1.1. Remarks 

- It is very important not to take the patterns exactly in the same point because every 

time a pattern is taken there is some carbon deposition,which can lower the quality of 

the following taken patterns from the same point, resulting in wrong results. 

- Setting a good background is a crucial aspect to obtain good patterns. 

- The specimen’s closest surface to the hole is not flat due to the electropolishing 

process, which makes the real tilting angle of the analyzed surface unknown and can 

lead to bad results. 

- The central hole of the sample should stay at the very centre of the sample holder. 

Otherwise some shadowing effects can be observed when running the measurements. 

- Two overlaid patterns for the same spot can appear due to irregularities on the surface 

of the sample. The higher the sample is tilted the bigger the interaction volume 

between the beam and the specimen. Thus, the probability to observe two overlaid 

patterns increases. 

6.2. EBSD VS. TKD 

- Clearly conventional EBSD in SEM can not be applied as a routine characterization tool 

for nanostructured materials. 

- TKD has a significantly higher resolution than conventional EBSD. 

 Working distance: 6 mm 

 Accelerating voltage: 30 kV 

 Spot size: 5 

 Tilting angle: -10° 
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- The best explanation for this improvement in spatial resolution is related to the 

volume of interaction electron beam – sample. In TKD it is much smaller than in 

conventional EBSD. More volume of interaction means lower resolution. 

- Grain boundaries are significantly narrower and better defined in the TKD IPF map 

than in the conventional EBSD one. Also a great improvement is seen in IQ maps. 

- It is possible to observe the subgrain formation by accumulation of dislocations with 

Kernel average misorientation maps obtained by OIM software from TKD scans. 

- It is proven that TKD is a really powerful tool for studying nanostructured and highly 

deformed materials. 

- TKD is also a good technique for analyzing two phase materials, being likely the best 

existing mix that can meet all the requeriments from the nowadays used techniques. 

6.3. HPT 

- HPT is a useful technique for producing UFG materials. Grain size changed from 25 µm 

of diameter to 1 µm by the implementation of severe deformation on Al samples. 

- When analyzing different zones in a sample disk by EBSD, it is better to make some 

indentations in known positions in order to know exactly the observed area. 

- Normally higher hardness values are observed on the area close to the edge than in 

the central zone. This happens because there is more torsion close to the edge and 

hence, heavier deformation occurs resulting in an increase of the grain refinement. 

- Recrystallization process can take place during the embedding of the sample after the 

deformation process in bakelite at 180°C in high purity copper. It is better to work with 

cold embedding. 

6.4. RECOMMENDATIONS 

- Use a more accurate electropolishing method for the TKD sample preparation instead 

of the currently used one to obtain flat surfaces and constant thickness. 

- It would be really interesting to study further possibilities with TKD using a lower 

working distance, even of 4 mm, to try to improve the currently achieved spatial 

resolution. 

- Measuring the foil thickness with TEM would be really useful to know the optimal 

thickness range for TKD measurements. 
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7. ANNEX: TKD SETTING UP 

Kikuchi patterns are ordered from the closest point to the hole (on the thinnest part of the 

sample), at left, to the point at the thickest part analyzed on the sample, at right. 

7.1. CU SAMPLE 

A conditions: WD=6mm, Acc. V= 30 kV, Spot size=5 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 

 

B conditions: WD=6mm, Acc. V= 20 kV, Spot size=5 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 
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C condition: WD=6mm, Acc. V= 30 kV, Spot size=4 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 

 

D conditions: WD=6mm, Acc. V= 20 kV, Spot size=4 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 
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7.2. AL SAMPLE 

A conditions: WD=6mm, Acc. V= 30 kV, Spot size=5 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 

 

B conditions: WD=6mm, Acc. V= 20 kV, Spot size=5 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 
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C conditions: WD=6mm, Acc. V= 30 kV, Spot size=4 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 

(only point 4, the rest points gave no pattern) 

D conditions: WD=6mm, Acc. V= 20 kV, Spot size=4 

Tilting angle=-10° 

 

Tilting angle=-20° 

 

Tilting angle=-30° 
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