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The concept of the thesis

Plastic deformation is mainly realized by the forming of dislocations and their
collective movement in crystalline materials. The investigation of structural changes
due to external deformation is not only driven by general curiosity. Many industrial
developments – such as the usage of specially designed machine parts – can bene-
fit from the understanding of micromechanical processes. Nowadays not only the
miniaturization can demand more knowledge about how specimens behave if their
volume is deceased, but also it is desirable to be able to create new materials that
are required to work properly under extreme conditions.

In materials science various paths can be taken to investigate microstructural
changes. Experimental techniques provide exact and reproducible results about the
processes and consequences of external deformation. Computational simulations
shed light to atomistic phenomena. The difficulty lies in the fact that often our
comprehension is limited to either microscopic or atomistic mechanisms. The effect
of dislocations, for example, is localized to an extremely small volume, but their
cumulative influence can result in long-range internal stresses that affect the material
macroscopically.

In the last decade many improvements were done to examine the materials’
response to external loading. The development resulted in novel techniques which
can characterize the microstructure on a smaller scale and provide information about
the internal stress distribution created by dislocations. These methods need to be
verified and applied to numerous tasks to bring us closer to the understanding of
the behavior of materials.

The primary task of the PhD research was to gain more experimental knowledge
on the linear defects forming in metals as a result of external deformation. Although
the concept of dislocations was introduced 80 years ago by Orován, Taylor and
Polányi, the interest in this topic has not yet decreased ever since.

Our main aim was to be able to develop a new methodology for calculating the
density of dislocations in plastically deformed samples. The methods utilized in
this work are also capable of mapping the stress values in regions near the sample’s
surface, and with their help we can collect information about several statistical prop-
erties characteristic to the microstructure. Furthermore we intended to find out more
about the formation and evolution of the dislocation cell structure caused by the
external deformation, and inspect the stress state of bulk specimens, micron-sized
pillars and transmission electron microscopy (TEM) samples. These investigations
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can be useful in the future to develop models designed to further explore material
mechanisms.

The aims of the thesis

1. A newly developed 12% Cr steel sample was in the focus of the first part of
the research. The samples had a very complex microstructure that made the
usual surface preparation methods insufficient for EBSD measurements. The
challenge was to create a surface preparation method that allowed us to meas-
ure the samples with EBSD and to be able to investigate the microstructure
evolution after creeping conditions were applied on the specimen. We chose
the dislocation density value to characterize the microstructure. This type of
material can be used in power plants, therefore the examination can provide
useful information for industrial applications.

2. The PhD research also focused on understanding the effects of dislocations
forming in the crystalline material due to external deformation. It was well
known from X-ray diffraction (XRD) analysis that the detailed analysis of
the probability distribution of the line profiles allows us to determine major
microstructural parameters. We aim to present that the stress distribution
calculated by high resolution electron backscatter diffraction (HR-EBSD) is
equally capable of providing the same information, with additional spatially
resolved stress maps. It is the aim of the present PhD work to explore the
relevance and potential of the EBSD method based on the statistical properties
of the local stress distribution determined by HR-EBSD measured on copper
single crystals. For this purpose an evaluation software had to be developed
based on the theoretical considerations A.J. Wilkinson and his coworkers put
down earlier.

3. The HR-EBSD evaluation software was utilized on various research subjects
to demonstrate the possibilities of such experiments. The method was used on
TEM samples aiming to point out a direct correlation between the dislocation
walls and the local stress distribution mapped with HR-EBSD. It is also known
that the thinning process for TEM sample preparation can result in dislocation
rearrangement or dislocation density reduction. We aimed to show that HR-
EBSD results can indicate such microstructural behavior.
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4. Deformed micropillars were used to conduct 3 dimensional investigation of
stress localization. Our aim was to have a better understanding of what pro-
cesses can have an impact on the whole stress state of the pillar, causing the
size effects during a compression test where the sample volume is reduced.

Applied methods

In order to be able to examine the properties and behavior of crystalline mater-
ials, we need to gather experimental data on the microstructure. Several methods
have already been developed and used for investigating plastic deformation. Each of
them has advantages and disadvantages which we need to recognize and understand,
so that their results could be interpreted correctly. Combining different experiments
can lead to a deeper and more complete comprehension of the physical processes
behind plastic deformation. Therefore comparing diverse measurements can help
validating and elaborating novel techniques.

In this PhD work the main experimental applied techniques are based on X-ray
and electron diffraction. The well-established X-ray diffraction and line profile ana-
lysis is used for the dislocation density ρ determination. High resolution electron
backscatter diffraction method was the base technique of this thesis, and it was
used to calculate the ρ values and the stress tensor components. The transmission
electronmicroscopy and imaging was applied for direct observation of dislocation
structures. Focused ion beam sectioning allowed us to create 3D models of com-
pressed micropillars.

Main results

1. I studied the creep behavior and microstructure evolution of a newly developed
12% Cr steel. The deformation mechanism was identified as dislocation creep.
The dislocations were characterized by three different techniques: TEM, XRD
and EBSD. I developed a special surface preparation method for the EBSD
measurements [R1,R2]. I determined the different type of dislocation densit-
ies. Mobile and internal dislocation densities were measured using XRD and
TEM, respectively. The boundary dislocation density was evaluated from the
EBSD data. The subgrain size evolution was also monitored. The received
dislocation density values were compared to other reports on similar materials.
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We found good agreement between them. All three techniques are needed for a
realistic estimation of the dislocation density evolution, but these conventional
techniques have uncertainties and limitations that result in higher calculation
errors [R3].

2. I developed a HR-EBSD based novel evaluation program to calculate the stress
and strain tensor components of deformed copper single crystals. The de-
velopment included various digital image processing methods to reduce the
signal-to-noise ratio. I carried out a validation process on simulated Kikuchi
patterns to estimate the error of our evaluation. I found that the difference
between the simulated and the calculated stress values can be minimized using
multiple runs and averaging. The program will be made open-access for the
scientific community, as it can be easily adjusted to the needs of other users,
and it is already adapted to various EBSD systems.

3. I investigated the spatial distribution of dislocation cells with HR-EBSD in
compressed copper samples with rotated Goss orientation. I calculated and
mapped the σij stress tensor components for different levels of strain (0%,
6% and 10%). I examined the probability distributions of the stress tensor
components (P (σ)) and I confirmed that the tail of P (σ) follows an inverse
cubic decay with a prefactor proportional to the total dislocation density ρ.
The ρ values were determined and compared to values given by X-ray line
profile analysis, granting credibility to the HR-EBSD approach. A 2D dis-
crete dislocation dynamics simulation was prepared by Péter D. Ispánovity
to present that the unexpected cutoff appearing in the EBSD second order
restricted moments is a result of the finite volume illuminated by the electrons
in the SEM. The simulations were used to show that the tail of the probability
distribution is not affected by the actual dislocation arrangement but only by
the average dislocation density. I calculated the autocorrelation functions to
characterize the spatial distribution of the dislocations and I found it has an
elliptical symmetry. I also determined the geometrically necessary dislocation
(GND) density values and I compared them with the HR-EBSD and XRD
results [R4].

4. I designed a measurement setup to measure TEM samples with the EBSD
method. The dislocation structure was directly observed by TEM measure-
ments on deformed copper samples. HR-EBSD evaluation showed the cell
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structure formed by dislocations, and the features of both TEM images and
GND maps were successfully matched. The good correlation between the two
results confirm our prediction that HR-EBSD facilitates the investigation of
the spatial stress distribution caused by dislocations. I calculated the GND
density values for various EBSD measurement step sizes. I found a power law
behavior when GND density values were plotted as a function of the step size.
In the regime of smaller step sizes the GND density value saturates at a finite
value that is supported by theoretical considerations.

5. I used focused ion beam (FIB) to create micron-sized pillars capable to be
measured by EBSD. One micropillar was deformed with 2% strain. I success-
fully cut the sample by FIB into 23 slices, and on each slice I did an EBSD
mapping. I calculated the EBSD results for each slice and I used a 3D recon-
struction software to merge them together. The 3D model showed features
that correspond well to the predicted microstructure. I visualized the slip
systems, then I successfully measured slip plane distances and slip angles. I
found a second activated slip system at the base of the micropillar. HR-EBSD
evaluation showed disturbance in the lattice distortion near the top of the
pillar that was associated with the indenter tip being non-parallel with the
pillar surface. The plotted stress tensor map confirmed the theoretical pre-
dictions about stress localization on the slip planes. The developed method
opens further perspectives for the application of HR-EBSD evaluation.

Conclusions

• We have provided detailed description of microstructure evolution by conven-
tional electron backscatter diffraction on a material with complex microstruc-
ture. Our findings were confirmed by complementary techniques such as XRD
and TEM. We have developed a HR-EBSD evaluation program and validated
its results. The methodology was applied in different cases of microstructure
investigation. Such examination concerning the total dislocation density de-
termination from HR-EBSD results has not been published in the literature
before.

• TEM samples were investigated by HR-EBSD technique in a novel way, and
structural features of dislocation cells were directly compared by both TEM
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and EBSD. Deformed micropillars were sliced and measured by EBSD and
3D reconstruction was performed to visualize and measure parameters char-
acteristic to active slip planes. This method combined with the HR-EBSD
evaluation opens new perspectives on experimental techniques applied for size
effect research.
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