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Preface

This habilitation thesis encompasses nine scientific papers that have been published in
respected journals over the past eleven years. Each of these selected papers has significantly
contributed to advancing scientific knowledge in the field of ultra-fine-grained (UFG) magnesium
materials. The overarching goal of this ongoing research is to develop magnesium materials that

are resistant to ignition and possess high ignition temperatures.

The thesis is structured into two thematic sections. The first chapter provides a comprehensive
summary of the results achieved with ultra-fine-grained commercial magnesium alloys that
include aluminium and zinc as alloying elements. This chapter primarily focuses on the
mechanisms responsible for grain refinement in these well-known materials. The second
chapter delves into the subsequent development of magnesium-based alloys containing rare
earth elements and calcium. These novel alloys are characterized by high ignition temperatures,

making them particularly promising for applications in the aviation industry.

To provide a thorough and cohesive understanding, the thesis is concluded with the original full-
length papers. These papers are meticulously discussed within the text, highlighting their

contributions to the field and their implications for future research and commercial applications.



1. Introduction and theoretical background

Magnesium alloys are increasingly being considered for use in the aerospace, automotive and
other transportation industries due to their exceptionally low density, making them highly
attractive for structural components. The lightweight nature of magnesium alloys offers the
potential to replace heavier materials such as steel and even aluminium alloys, which are also
heavier than magnesium, in various applications, thereby contributing to overall weight

reduction, improved fuel efficiency and sustainability [1].

However, despite their advantages, the application of magnesium alloys in more demanding
applications is currently limited by several drawbacks such as limited strength and low ductility.
These challenges can be overcome with innovative solutions and advancements in research and
development. However, primary concern about magnesium materials is their poor corrosion
resistance, which makes them susceptible to degradation in harsh environments. However, with
the right design of alloys and corrosion prevention techniques (e.g. organic/polymer coatings,
multiple surface coatings, laser or other methods [2]), magnesium materials can be effectively
shielded from moisture, salts, and other corrosive elements. This opens up exciting possibilities
for their use in the automotive and aerospace sectors, where lightweight and durable materials

are in high demand.

Inherent flammability of magnesium gives rise to stringent safety measures, particularly in
industries such as aerospace and automotive, where the advantages of reduced weight must be
carefully balanced against the risks of fire hazards. Until 2015, the use of magnesium alloys as a
structural element in aircraft interiors was prohibited by the SAE Aerospace Standard (AS) 8049
C. However, this regulation has been revised, and the current version permits the use of
magnesium alloys in aircraft seat construction, provided they meet the flammability
performance requirements specified in DOT/FAA/AR-00/12 [3]. Unlike many other metals, pure
magnesium has a low ignition temperature of approximately 630°C [4] making its unsuitable for
applications in which accident scenarios must be considered. However, the addition of alloying
elements can affect the ignition and combustion behaviour of magnesium and improve its

resilience to ignition.



While magnesium alloys have limited strength and ductility compared to other metals, this
characteristic can be seen as an opportunity for innovation. By understanding and harnessing
the unique properties of the hexagonal close-packed (HCP) crystal structure, we can develop
novel manufacturing techniques and alloy compositions that enhance the ductility of
magnesium materials. This would enable them to undergo significant plastic deformation before

rupture, making them suitable for a wider range of structural applications.

Furthermore, the anisotropy of critical resolved shear stress (CRSS) in different slip systems in
magnesium alloys can be seen as a challenge that can be overcome through microstructure and
texture control and tailoring. Namely, by careful control of the processing conditions during
forming, it is possible to minimize the development of strong deformation textures and reduce

stress anisotropy.

In conclusion, while there are currently limitations to the broader use of magnesium alloys,
these challenges can be addressed through continued research and development efforts. With
advancements in corrosion resistance, flammability control, and the enhancement of ductility,
magnesium materials have the potential to revolutionize the automotive, aerospace or other
industries. This thesis aims on contributing to unlock full potential of magnesium alloys and to
expand their applicability in advanced engineering applications, namely by development of
ultra-fine-grain magnesium alloys with enhanced strength and by advanced alloying to improve

their ignition resistance.

1.1. Ultra-fine-grained structure in magnesium materials

The mechanical properties and other essential characteristics that determine the application of
magnesium alloys can be significantly enhanced by refining the grain size to sub-microcrystalline
or even nano-crystalline levels. Achieving such ultra-fine-grained (UFG) structures can lead to
notable improvements in strength, ductility, and overall performance of the material, making

magnesium alloys more viable for a broader range of applications.



Over the past four decades, researchers have developed and proposed a variety of innovative
techniques to produce these ultra-fine-grained structures in materials. These techniques aim to
drastically reduce the grain size, thereby enhance mechanical properties of material through
grain boundary strengthening. Grain refinement can be achieved by so-called top-down
approach, during which the originally coarse-grained structure is radically refined by plastic
deformation. The most successful techniques employing such approach are referred to as severe
plastic deformation (SPD) techniques. During SPD, large plastic strain is repetitively imposed,
causing introduction of high densities of lattice defects in the material, namely dislocations,
leading consequently to exceptional grain refinement and the formation of ultra-fine-grained

structures [5].

Several specific SPD techniques have been developed and refined over the years. One widely
used method is equal-channel angular pressing (ECAP), where a material is pressed through a
die containing two channels of equal cross-section that intersect at an angle. During this process
severe shear deformation is imposed to the material, resulting in continuous fragmentation of
the structure and substantial reduction of the grain structure without significantly altering the

external shape of the sample [6].

Another prominent SPD technique is high-pressure torsion (HPT). In HPT, a disc-shaped sample
is subjected to a high pressure while being simultaneously twisted. The combination of high
pressure and torsional strain leads to extreme grain refinement, producing nano-crystalline

structures with superior mechanical properties [7], [8].

Additional SPD techniques include accumulative roll bonding (ARB) which was invented by a
Japanese group of researchers in 1990s [9], where multiple layers of material are stacked, rolled,
and bonded together. Repetitive corrugation and straightening (RCS) is another remarkable SPD
method, where the material is repeatedly bent and straightened to induce severe plastic

deformation. This technique was developed in the Los Alamos National Laboratory [10].

Each of these techniques has been shown to produce significantly refined microstructure
resulting in improved mechanical properties of magnesium alloys. The ultra-fine-grained

magnesium base materials exhibit enhanced strength and ductility due to the increased grain



boundary area, which impedes dislocation movement and thus strengthens the material.
Moreover, the refined grain size can also contribute to improved corrosion resistance and better
performance at elevated temperatures, addressing some of the inherent weaknesses of

magnesium alloys.

1.1.1. Equal-channel angular pressing (ECAP)

Equal-channel angular pressing (ECAP) is one of the most developed and commercially utilized
severe plastic deformation (SPD) technique. ECAP was invented in former Soviet Union by Segal
et al. in the 1980s [6]. Since its inception, ECAP has become a well-known and widely used

method for grain refinement globally.

The primary advantage of the ECAP technique is that the cross-sectional dimensions of the
specimens remain unchanged before and after pressing. This allows repetitive pressing and the
accumulation of strain within the specimen. However, multiple passes through ECAP can lead to
cracking or other material damage. Therefore, all processing parameters, such as the number of
passes, deformation temperature, speed of pressing, applied force, etc. must be optimized to

achieve the best results.

One of the main disadvantages of ECAP is the limitation on the dimensions of the specimens.
Typically, the length of the billets ranges between 5 and 15 c¢cm. This drawback has been
subsequently overcome by introducing the technique of continuous ECAP referred to also as
ECAP conform (ECAP-C), which is able to produce wires and rods of almost unlimited length [11],
[12].

The ECAP die consists of two channels with the same cross-section. It is characterized by two
angles: @, which is the angle formed by the intersection of the two channels, and W, which
indicates the outer arc of curvature at this intersection. The conventional and most commonly

used ECAP die has an angle ® of 90°, as shown schematically in Fig. 1.



Figure 1: Schematic illustration of a conventional ECAP facility, X denotes the transverse

plane, Y flow plane and Z the longitudinal plane [13].

The specimen pressed through the ECAP die is deformed by a simple shear at the intersection

of both channels and the imposed strain after N passes could be expressed as [14]:

= = [2cotg (3 +5) + weosec (5 +5 )| (1)
E,\,—\/§ cotg\5 +5 cosec{ >+ ||

The equivalent strain imposed in the material during ECAP depends on both angles ® and W.
However, the angle W plays only a minor role in determining the strain imposed on the sample
in comparison with the angle ® [15]. The equivalent strain € imposed by a single pass in the
commonly used conventional ECAP die with @ =90° is close to 1 (100 %). Thus, the equivalent
strain after e.g. 4 and 8 ECAP passes is approximately equal to 400 and 800 %, respectively. More
details about this SPD method are summarized for example in my dissertation thesis [13] or in

well-known review papers [14] and [15].

1.1.2. High pressure torsion

High pressure torsion (HPT) is another well-known severe plastic deformation technique. In this
method, the mechanical properties of the material are improved by a high pressure and
concurrent torsional straining [16]. The experimental setup of HPT is schematically illustrated in

Fig. 2.
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Figure 2: Schematic of the HPT device showing the set-up, compression stage (stage 1), and

compression-torsion stage (stage Il) [17].

The typical size of the disc-shaped sample varies from 10 to 20 mm in diameter and about 1 mm
in thickness. A disc sample is placed between two anvils where it is subjected to a compressive

pressure of several GPa. Simultaneously, the one of the anvils rotates and the torsional strain is

imposed to the sample.
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Figure 3: Finite element method (FEM) simulation of effective strain imposed by HPT: a)
Deformed geometries at the initial stage, after compression, after 1/2 turn and after 1 turn with

effective strain distributions; b) Path plots of the effective strain on the top plane and mid-plane
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after compression, 1/2 turn and 1 turn, comparing the theoretical von Mises strain (Eg. 2) and

the results from FEM simulations [18].

The effective strain (obtained from the FEM results) imposed by HPT increase at the centre after
half a turn, while the torsion (shear) strain given by Eq. (2) is zero. The strain obtained by the
FEM simulations at the centre, which is higher than the theoretical value (Eq. (2)), can be
explained by the compressive strain in HPT and the finite mesh size in the FEM [17], [18]. The
FEM simulation and torsion theory results are in a good agreement in the regions near the
middle of the disc (r = 4—6 mm for total disc radius equal to 10 mm) after a single turn. However,
at the periphery region (r = 8-10 mm), the results of the FEM simulations deviate from the
theoretical values because of “dead metal zone” phenomenon [18]. Therefore, the strain of

middle region of the disc after HPT is well fitted according to the theoretical equation

= (2)

where y is the shear strain, r is the radial distance from the centre of the disc-shaped workpiece,

0 is the rotation angle and h is the thickness of the workpiece.

Nevertheless, HPT has similarly as ECAP a significant limitation: the small size of the processed
specimens. Materials produced by classic HPT are primarily used in modern, micro-sized
specialized industrial fields, such as micro-electro-mechanical systems [16]. Unlike ECAP, which
can be relatively easily adapted for larger samples [19], upscaling of HPT is more demanding.
Several efforts in upscaling of HPT have been undertaken [20]. There has been some progress
with the extension of HPT to cylindrical samples. However, this approach has been found to
cause strong microstructural inhomogeneities in the vertical sections of the cylinders [21]. A
recent variation of the method is the hollow cone HPT, which processes hollow cone-shaped
samples. This technique is useful for manufacturing projectiles, valves, nozzles, drill heads, and
other engineering parts that require superior mechanical properties [22]. Another technique of
HPT upscaling has recently been reported by the Japanese group led by prof. Z. Horita who
introduced the technique of High Pressure Sliding (HPS) which allows to prepare sheets of the
macroscopic size (up to 100 mm in length) while maintaining excellent properties reported in

materials processed by classic HPT [20], [23].
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1.1.3. Spark plasma sintering

The production of ultra-fine-grained materials is not limited to severe plastic deformation
techniques, known as the “top-down” approach. An alternative method via powder
compactization, known as “bottom-up” approach, offers a promising alternative for the

production of such materials.

It has been widely recognized that the advanced technique of powder metallurgy plays a crucial
role in enhancing mechanical and corrosion properties of materials [24]. This improvement can
be attributed to the small grain size and the high concentration of alloying elements present in
the solid solution, after rapid cooling, and possible presence of very fine intermetallic phases. It
should be noted that the properties of the material are significantly influenced by the specific

selected powder processing technique and the method employed for compaction [25].

Spark plasma sintering (SPS) represents an advanced sintering method that enables a rapid
production. This technique involves powder pressing, and the application of a high current
through the powder, where the high resistance between particles generates Joule heating. This
process is completed in few minutes, allowing the microstructure of originally powder particles
to remain largely unchanged [26]. As a result, the final material retains a fine-grained structure
with a high concentration of alloying elements in the solid solution [27]. The sintering by direct
Joule heating is associated with the electrical resistance of the materials and influenced by the
size, the geometry and surface condition of powder particles [28], [29], [30]. Increasing the
number of interfaces with high resistivity can therefore enhance the efficiency of sintering,
which can be achieved by sieving the powder to separate particles by size or modifying the

particle surfaces.

1.1.4. Superplasticity in UFG materials

The superplastic behaviour exhibited by some magnesium materials is an alternative plastic
deformation behaviour allowing to bypass their limited ductility. It represents therefore a
promise for their wider application in various industries. Superplasticity allows the material to

undergo significant deformation without fracturing, enabling complex shaping processes and
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the production of intricate components with high precision. There are two common definitions
of superplastic behaviour. The first one relates the superplasticity to the minimum elongation
to fracture (elongation > 400 %, true strain > 160 %) [31] while the other one to the
dimensionless strain rate sensitivity m-parameter (0.3 < m < 0.8) [32], [33], [34]. This duality in
definitions brings some ambiguity. However, both conditions are usually fulfilled at the same
time. The reason is that strain rate sensitivity effectively suppresses necking and extends the
region of plastic stability. The localization of plastic deformation leads in fact to the local increase
of strain rate, and due to strain rate sensitivity to consequent increase of stress, which avoids
further localization of plastic deformation and premature necking. However, the exact effect of

strain rate sensitivity on stability of plastic deformation is not quantitatively agreed.

The plastic stability limit is determined by Considére criterion [35] as the lowest &, for that holds:

0(e)
o <1, (3)

where ¢ is the true strain, ¢ is the true stress and 6 is the strain hardening computed at constant

do(¢)

strain rate: 8(¢) = P

As pointed out by Hart [36], if the material presents non-zero strain rate sensitivity, the
plastic stability is extended due to the fact that the actual strain rate at the smallest cross-section
(potential neck) is increased. The extended plastic stability limit can be expressed as:

6(g)

@ <1-—m(e), (4)
where m(¢e) is well-known strain rate sensitivity parameter. Note that the actual value of m-
parameter for a given ¢ is required. Equation (4) clearly extends the plastic stability range since
m(e) is positive. Considering that m(g) < 1, stable plastic deformation is possible only when
the strain hardening 0(¢) is positive. However, several experiments show very high elongations

even for negative strain hardening (i.e. softening) [37], [38], [39].

More general criterion of plastic stability is provided by Hahner [33]. It is based on the
consideration of the microstructure evolution on characteristic intrinsic or extrinsic length
scales. These length scales depend on the specific mechanism of plastic deformation and
determine the extent of strain rate sensitivity effect on stability of plastic deformation. In
particular, for grain boundary sliding (GBS), the Hahner criterion of plastic stability can be

written as [33]:
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6(¢) n
E< 1—(1+—>.m(s), (5)

€o

where 0 <1 <1 is the fraction of plastic deformation realized by GBS and &, = 0.5 is
elementary deformation step assumed to occur during superplastic flow according to model
proposed by Ashby and Verrall [40]. Considering that all plastic deformation is realized by GBS
(n = 1) the criterion of plastic stability may be expressed in the following form:

0(¢)

E< 1 -3 m(e). (6)

Itis concluded in [33] thatif 0 < (&) K a(¢), then the plastic deformation is stable for m(e) >
1/3. However, the range of plastic stability according to equation (6) can be obviously extended

to a region of work softening 8(g) < 0, as long as the m(¢) is sufficiently large.

It is well-known that a possible superplastic behaviour depends on the microstructure, namely
on the grain size and other factors affecting the diffusivity [41]. Ultra-fine-grained materials
(UFG) are therefore promising candidates and their enhanced superplastic behaviour was
reported in numerous studies including those on hexagonal materials [37], [42]. The
disadvantage of UFG materials is that their microstructure is often not stable at increased

temperatures, and grain growth occurs.
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2. Development of the ultra-fine-grained magnesium materials

2.1. Mg-Al-Zn ultra-fine-grained alloys

Magnesium alloys with aluminium (Al) and zinc (Zn) as alloying elements have been extensively
studied over the past decades. These commercial alloys have found applications in various
industrial sectors due to their favourable properties. Moreover, mechanical characteristics and
performance of these materials can be significantly improved by processing using techniques
such as equal-channel angular pressing (ECAP) and high pressure torsion (HPT). These processes
result in ultra-fine grained microstructures, which markedly enhance the mechanical strength

compared to their coarse-grained counterparts.

This enhancement is attributed to the refined microstructure and undergoing alteration of
plastic deformation mechanisms. Detailed investigations of these materials are documented in
the following selected papers, providing comprehensive insights into their microstructural
evolution and mechanical properties. These studies underscore the potential of advanced
processing techniques in significantly improving the performance of magnesium alloys in

industrial applications.

[JS1] J. Vratna, M. Janeéek, J. Cizek, D.). Lee, E.Y. Yoon, H.S. Kim: Mechanical properties and

microstructure evolution in ultrafine-grained AZ31 alloy processed by severe plastic

deformation, Journal of Materials Science, 2013, Vol. 48, pp. 4705-4712.

The primary aim of this paper was to contribute to the long-lasting discussion in the UFG
research community about the efficiency of grain refinement and enhancement of mechanical
properties of magnesium alloys prepared by two different techniques of SPD: ECAP and HPT. For
this purpose, we prepared two microstructure conditions of commercial alloy AZ31. The first
one was achieved by extrusion followed by equal channel angular pressing (hereinafter referred

to as EX-ECAP) while the second one by high pressure torsion (HPT) at room temperature.

Mechanical properties, dislocation density, microstructure evolution and grain fragmentation of

the alloy in these microstructure conditions were investigated and compared in detail.

EX-ECAP after four passes of ECAP (EX-ECAP 4) produced a homogeneous microstructure across

the specimen cross-section corresponding to the grain size reduction of the original coarse-
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grained structure by a factor of 100, whereas HPT resulted, as expected, in a laterally
inhomogeneous microstructure, with grain sizes decreasing from the centre towards the
periphery. However, after 15 HPT turns, the microstructure and microhardness inhomogeneities
were minimized, yielding an almost homogeneous ultra-fine-grained structure, corresponding

to the grain size reduction by a factor of about 1000.

HPT proved to be more effective in grain refinement, leading also to significantly higher
microhardness, both due to the achieved extreme equivalent strain. Transmission electron
microscopy (TEM) observations confirmed that the peripheral parts of HPT-processed samples
exhibited extremely ultra-fine grains, around 100 nm, contributing obviously to the increased

microhardness.

The dislocation densities, measured in the same areas as the microhardness, were higher in HPT
specimens, due to higher equivalent strain and the different processing temperatures.
Processing by EX-ECAP required using elevated temperatures (180 °C) to avoid cracking of the
hexagonal structure of magnesium which lacks five independent slip systems for uniform
deformation at room temperature [43]. Conversely, HPT can be performed at room temperature
due to a high hydrostatic pressure (2.5 GPa in our case), which enabled uniform deformation by
activating additional slip systems [44]. Elevated temperature of EX-ECAP processing causes
imminent partial recovery of dislocations which limits achievable grain refinement. For instance,
processing by additional four ECAP passes (EX-ECAP 8) did not provide additional grain

refinement.

| prepared all the samples for experiment and conducted the microhardness measurements.
I summarized the obtained results and compared the properties of regions subjected to the
same equivalent strain by both SPD techniques. Furthermore, | analysed the findings and

contributed to the writing of the manuscript.

[JS2] J. Vratna, B. Hadzima, M. Bukovina, M. Janecek: Room temperature corrosion properties

of AZ31 magnesium alloy processed by extrusion and equal channel angular pressing, Journal

of Materials Science, 2013, Vol. 48, pp. 4510-4516.

In this study, UFG magnesium alloy AZ31 prepared by a combined two-step process (hot
extrusion with subsequent 8 passes of ECAP - EX-ECAP 8) was investigated and compared to the
corrosion behaviour of the extruded coarse-gained material. Classical potenciodynamic tests in
corrosion solution of 0.1 M sodium chloride combined with the advanced electrochemical

impedance spectroscopy tests were employed to access the corrosion properties of the alloy in
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both microstructural conditions. Electrochemical properties on the specimen surface were
correlated with microstructure evolution. This paper was one of the first pioneering works

unveiling the corrosion properties of an UFG magnesium alloy.

The main finding, subsequently well-accepted in the UFG community, was that the corrosion
properties of the UFG material depend strongly on the immersion time. For shorter times no
improvement of corrosion properties in the UFG material was observed. However, for longer
times (>168 hours) the material in UFG condition exhibits superior corrosion resistance
compared to the coarse-grained material. This peculiar enhancement of corrosion properties in
UFG condition was attributed to the different mechanism of detachment of protective corrosion
products. The microstructure after extrusion contains relatively large grains, whereas the
material after EX-ECAP exhibits a homogeneous UFG microstructure. Consequently, the material
after EX-ECAP offers more corrosion nucleation sites and only small clusters of corrosion
products are formed on the UFG microstructure. As the result, UFG microstructure prevents
detaching large clusters (flakes) of corrosion products from the surface leading to easier and
faster restoration of the corrosion protective layer on the surface of UFG material eventually

enhancing long-term corrosion resistance.

I conducted all experiments, including measurements of corrosion properties and scanning
electron microscopy (SEM) observations. | summarized the obtained results, engaged in
discussions, and wrote the manuscript. | have conducted most of the corrosion experiments

during research stays at University of Zilina, Slovakia, at the research group of Prof. Hadzima.

[JS3] J. Straska, M. Janedek, J. Cizek, J. Strasky, B. Hadzima: Microstructure stability of ultra-

fine grained magnesium alloy AZ31 processed by extrusion and equal-channel angular

pressing (EX-ECAP), Materials Characterization, 2014, Vol. 94, pp. 69-79.

This highly-cited paper focuses on the microstructure stability of AZ31 magnesium alloy
processed by EX-ECAP (4 passes) at elevated temperatures. Microstructure stability is of primary
interest for subsequent material processing and its potential use under elevated temperatures.
To assess the microstructure stability of the UFG material, it was annealed isochronally at
temperatures ranging from 150 °C to 500 °C for 1 hour. Several complementary experimental
techniques, including microhardness measurements, electron backscatter diffraction (EBSD),
and positron annihilation spectroscopy (PAS), were employed to identify the softening

processes occurring in this temperature range.
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At lower annealing temperatures (approximately 190 °C), softening, indicated by a drop in
microhardness, is primarily controlled by dislocation annihilation, as confirmed by PAS. On the
other hand, at higher annealing temperatures (around 300 °C and above), grain growth becomes

the principal softening mechanism, as evidenced by EBSD.

The experimental observations were complemented by theoretical analysis of thermally
activated processes controlling the evolution of the UFG structure. The kinetics of grain growth
was analysed using the kinetic equations, and the activation energies for grain growth in
different temperature ranges were calculated. The evolution of microhardness in the higher
temperature range (250 °C-500 °C) can be successfully explained by the Hall-Petch relation [45],
[46]. In the lower temperature range, dislocation density plays a significant role, resulting in
microhardness values significantly higher than those predicted by the Hall-Petch extrapolation.
To obtain reliable estimates of the Hall-Petch relation parameters, the effect of dislocations

must be considered and quantified.

| performed all the experiments (except PAS), which included annealing the samples,
microhardness measurements, both light and scanning electron microscopy observations and
EBSD measurements. | summarized the experimental results, determine the evolution of grain
size from EBSD observations, applied the kinetics equations and calculated the activation
energies for grain growth. Finally, | discussed the achieved results and prepared the

manuscript for publication.

[JS4] J. Straska, M. Janecek, J. Gubicza, T. Krajnak, E.Y. Yoon, H.S. Kim: Evolution of

microstructure and hardness in AZ31 alloy processed by high pressure torsion, Materials

Science & Engineering A, 2015, Vol. 625, pp. 98-106.

This influential paper investigates the microstructure evolution and strengthening mechanisms
in AZ31 magnesium alloy subjected to high pressure torsion (HPT). HPT deformation at room
temperature induces even more grain refinement than previously studied EX-ECAP process.
However, HPT introduces lateral inhomogeneity in both microhardness and microstructure
which was the main subject of the performed experimental study. Notably, lower microhardness
values are observed near the centre compared to the periphery of the specimen. This
microhardness variation gradually diminishes as the zone of enhanced microhardness expands
from the periphery towards the centre, indicating a smearing out of lateral strain inhomogeneity

imposed by HPT.
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The lateral strain distribution influences the rate of grain fragmentation, resulting in much finer
grains at the periphery than in the central region of the specimen. Most importantly, with
increasing strain, both microhardness and microstructure homogenize. Microhardness

examinations are closely correlated with microstructural findings throughout the study.

Even in the initial stages of HPT without rotation, a high density of dislocations (p~ 3x10%** m2)
is observed. As HPT torsion progresses, crystallite size decreases while dislocation density
further increases. These parameters reach saturation at the periphery of the specimen early in
the deformation process, with the maximum dislocation density reaching about 6x10'* m2 and
the minimum crystallite size stabilizing around 70 nm after just % turn at room temperature.
Further increases in the number of HPT revolutions up to 15 turns do not lead to significant
changes in the dislocation structure at the periphery, indicating saturation with imposed strain.

However, such refined zone expands gradually towards the sample centre.

Interestingly, the dislocation density saturates earlier than the grain refinement process,
implying that grain size reduction continues even after dislocation density reaches its peak. The
strengthening effect due to dislocations outweighs the contribution from high-angle grain
boundaries (HAGBs) disregarding the number of HPT revolutions or radial positions in the disc
samples. Earlier grain refinement at the periphery of HPT-processed discs was also documented

by transmission electron microscopy (TEM).

In this research, | played a central role in designing the study; | performed majority of the
experiments, including sample preparation, microhardness measurements, scanning electron
microscopy (SEM) observations, and electron backscatter diffraction (EBSD) measurements. |
synthesized and summarized the experimental findings. Collaborating closely with Prof.
Gubicza from E6tvos Lorand University in Budapest, Hungary, we extensively discussed the
results and jointly authored the manuscript. This paper also represents the culmination of our
long-lasting collaboration with Prof. Hyoung Seop Kim's research team at POSTECH University
in Pohang, South Korea, highlighting our collective efforts in advancing the understanding of

materials science through rigorous experimentation and analysis.

[JS5] J. Straska, J. Strasky, P. Minarik, M. Janecek, B. Hadzima: Continuous measurement of m-

parameter for analyzing plastic instability in a superplastic ultra-fine grained magnesium alloy,

Materials Science & Engineering A, 2017, Vol. 684, pp. 110-114.

The UFG structure in magnesium alloys enables superplastic behaviour, offering unique

mechanical properties ideal for high-temperature applications. However, at elevated
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temperatures, the UFG microstructure tends to coarsen, impacting the superplastic
characteristics of the material. Conventional testing methodologies face challenges related to
the accuracy in assessing superplastic behaviour. As mentioned in the Introduction, the m-
parameter, a critical indicator of superplasticity, is uneasy to be determined in real-time during
testing. However, m-parameter indeed evolves during the mechanical test at elevated

temperatures due to ongoing microstructural changes.

To address this issue, our study introduced an innovative methodology aimed at measuring the
evolution of the m-parameter throughout the entire tensile test using a computer-controlled
tensile deformation system. An advanced use of this system involved regular small variations in
strain rate during testing. Specifically, our approach involved regular alternating of strain rates

to capture the dynamic changes in the m-parameter during deformation.

The developed methodology was applied to investigate the superplastic behaviour of an UFG
magnesium alloy, providing valuable insights into its mechanical response and validating existing
physical models regarding the prediction of plastic instability under superplastic conditions. By
systematically measuring and analysing the evolution of the m-parameter, we were able to

assess comprehensively the superplastic characteristics of the alloy in UFG condition.

In this research, | played an important role in devising the methodology for measuring the
evolution of the m-parameter. | conducted all deformation tests and experimental
measurements, ensuring accurate data collection and analysis. Furthermore, | synthesized the
obtained results, facilitated discussions, consolidated findings and contributed to the
advancement of knowledge in superplasticity and materials science. This effort underscores
the importance of innovative testing methodologies in expanding our understanding of UFG

magnesium alloys and their potential applications in engineering and technology.

[JS6] P. Mindrik, M. Zimina, J. Cizek, J. Straska, T. Krajhdk, M. Cieslar, T. Vlasak, J. Bohlen, G.

Kurz, D. Letzig: Increased structural stability in twin-roll cast AZ31 magnesium alloy processed

by equal channel angular pressing, Materials Characterization, 2019, Vol. 153, pp. 199-207.

This study investigates the impact of ECAP on the microstructure of AZ31 magnesium alloy in
two initial conditions before ECAP processing: conventionally cast (CC) and twin-roll cast (TRC).
Twin-roll casting represents an advanced continuous casting technique, where molten metal is
fed through a nozzle into the gap between two rotating water-cooled rolls, rapidly cooling and
solidifying to form thin sheets (4—6 mm) with a high-quality surface due to the high cooling rate

and non-intermittent withdrawal regime [47]. TRC strips typically exhibit a heterogeneous
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structure with finer grains ranging from 50 to 100 um in diameter [48], [49]. On the other hand,

conventionally cast alloys have a more homogeneous structure but coarser grains.

The fine-grained conditions of both TRC and conventionally cast AZ31 alloys were prepared by
ECAP, and material characterization focused on microhardness, grain structure, and dislocation
density changes. Despite differences in initial microstructure, intensive plastic deformation by
ECAP resulted in achieving comparable average grain sizes in both types of initial conditions. The
primary difference observed, was the different distribution of nano-scale B Al;2Mgi7 secondary
phase particles. These B-phase particles were distributed relatively non-homogeneously in the
CC-8P, while a homogenous distribution was observed in the TRC-8P sample, where 8P indicates

the number of subsequent ECAP passes in both conditions.

To assess the thermal stability, isochronal annealing between 160-500 °C was conducted,
revealing distinctly different responses to annealing of the two studied conditions. Variations in
the distribution of secondary phase particles significantly influenced static recovery and grain
growth during annealing. Notably, TRC samples exhibited superior thermal stability between
220-340 °C, attributed to a more favourable distribution of secondary phase particles. Above
340 °C, accelerated dissolution of the B Al;2,Mgi17 phase smeared the differences and has led to
similar microstructural evolutions in both sets of samples. The paper therefore unveils the
critical role of secondary phase particle distribution in the thermal stability of fine grained AZ31

alloy.

My proficiency in investigating microstructure stability has made substantial contributions to
both experimental procedures and the discussion of results presented in this manuscript. In
this research, my role encompassed conducting EBSD measurements and analysing the
acquired data. This collaborative endeavour highlights the significance of comprehending
microstructural evolution in enhancing the performance and application possibilities of AZ31

magnesium alloys in engineering applications.
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2.2. Magnesium ultra-fine-grained alloys with RE elements

Ultra-fine-grained magnesium alloys incorporating rare earth (RE) alloying elements offer
significant advantages, including high resistance to ignition and excellent mechanical properties.
These characteristics make them promising materials for example for aerospace applications,
where weight reduction and material performance are critical. The addition of RE elements to
magnesium alloys enhances their thermal stability, making them less prone to ignition and more
reliable under high-temperature conditions, which is required in aerospace industry for the case

of emergency scenarios.

However, the high cost of RE alloying elements presents a considerable limitation and challenge.
Cheap and promising alternative is to use calcium as an alloying element at the extent of
expensive rare earth elements. Alloying by calcium on one hand has been shown to significantly
improve flammability resistance, but on the other hand it adversely affects mechanical
properties. This trade-off necessitates a careful balance in alloy design to optimize both safety
and performance. Our research group has designed several magnesium alloys that aim to
achieve this balance. Through systematic experimentation and analysis, we strived to develop
alloys that leverage the benefits of RE elements while mitigating their drawbacks, thereby

advancing the practical application of magnesium alloys in the aerospace industry.

[JS7] D. Dvorsky, J. Kubasek, M. Roudnicka, F. Prusa, D. Neéas, P. Mindrik, J. Straska, D.

Voijtéch: The effect of powder size on the mechanical and corrosion properties and the ignition

temperature of WEA43 alloy prepared by spark plasma sintering, Journal of Magnesium and

Alloys, 2021, Vol. 9, Issue 4, pp. 1349-1362.

This study in the highly reputed journal delved into the impact of powder size on mechanical,
corrosion and ignition properties of WE43 alloy fabricated using the spark plasma sintering (SPS).
The investigation also highlighted the influence of surface conditions through HF (hydrogen
fluoride) pre-treatment of the powder, demonstrating that specific interfaces, primarily
composed of Y,03 or YF3, formed between particles during sintering. Materials prepared from
finer powder fractions exhibited a higher concentration of these interfaces, significantly

influencing the resulting properties.

A notable and quite novel finding was the detrimental effect of YFs; at particle interfaces,

resulting in reduced elongation, as well as tensile yield strength (TYS) and ultimate tensile
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strength (UTS). Moreover, specific crack propagation patterns were observed, and shown to

depend on the microstructure, further impacting material integrity.

On the other hand, an increased volume fraction of interfaces substantially enhanced corrosion
resistance by slowing down the corrosion front at each interface barrier. However, near these
interfaces, the solid solution was depleted in Y, which was consumed during the formation of
Y,03 or YFs, resulting in localized inhomogeneities and accelerated corrosion rates in larger

particles.

Particle size also affected the ignition temperature of magnesium alloys powder, with smaller
particles exhibiting higher ignition temperatures due to the enhanced protective effect of the
Y,03 surface layer. This was attributed to greater Y supersaturation in the solid solution and
shorter diffusion distances towards the surface in smaller particles. Furthermore, chemical
treatment of the powder further improved ignition temperatures, reaching up to 700 °C,

enhancing safety during storage and use, especially in additive manufacturing applications.

In terms of mechanical properties, a powder mixture approach appeared advantageous.
However, for improved corrosion resistance, selecting small particles or chemically treated
powders was more beneficial. These materials exhibit not only superior corrosion resistance but

also offer enhanced safety due to their higher ignition temperatures.

In this research, my primary contributions centred on the discussion and synthesis of findings
presented in the manuscript. | conducted a thorough review and provided editorial input to
refine the manuscript clarity and coherence. This paper reflects ongoing collaboration with
Prof. Vojtéch's research team at the University of Chemistry and Technology in Prague (UCT)
during the course of several projects funded by Czech Science Foundation and underscoring

our collective efforts to advance understanding in materials science and engineering.

[JS8] J. Kubasek, P. Minarik, K. Hosov3, S. Sasek, M. Knapek, J. Vesely, J. Straska, D. Dvorsky,

M. Cavoijsky, D. Vojtéch: Novel magnesium alloy containing Y, Gd and Ca with enhanced

ignition temperature and mechanical properties for aviation applications, Journal of Alloys

and Compounds, 2021, Vol. 877, 160089.

Our team embarked on the development of a novel Mg-4.5Gd-3.4Y-2.6Ca (wt.%) alloy
specifically designed as a lightweight material intended for the fabrication of aircraft
components. This alloy was chosen for its promising mechanical properties and notably high
ignition temperature, a critical factor in ensuring safety in aerospace applications. The material

synthesis involved casting followed by hot extrusion at two distinct temperatures. Our
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investigation focused on understanding the impact of these extrusion conditions on the

microstructure, mechanical properties, and ignition temperature of the alloy.

The results of our study revealed significant findings regarding the influence of extrusion
temperature on several key parameters. Specifically, we observed considerable effects on
average grain size, recrystallized fraction, and the texture formation in the material. These
microstructural variations directly correlated with the mechanical behaviour of the alloy, namely

with the average tensile yield strength reaching 300 MPa under the tested conditions.

One of the key characteristics of our alloy was its exceptionally high ignition temperature of
approximately 1100 °C, which ranks among the highest ones reported in magnesium alloys. This
impressive thermal stability was attributed to a synergistic interaction involving Y, Gd, and Ca

oxides, with Y,0s3 identified as the primary contributor.

The combination of enhanced mechanical properties and high ignition temperature positions
our novel alloy as a promising candidate for demanding aircraft applications where both

performance and safety are paramount characteristics.

Throughout this research endeavour during continuing cooperation with UCT, | served as the
project coordinator, overseeing the research direction and contributing to the development
of experimental methodologies. A significant part of the experimental work was carried out
by my PhD student, Stanislav Sasek, whose dedication and expertise were invaluable in
conducting experiments, analysing data, and contributing to the preparation of the
manuscript under my close supervision. Stanislav played an important role in summarizing
experimental findings and ensuring that our research outcomes were effectively
communicated. This collaborative effort underscores our commitment to advancing materials

science and engineering for aerospace applications.

[JS9] P. Mindrik, K. Hosova, S. Sasek, J. Kubasek, J. Vesely, R. Kral, M. €avojsky, J. Straska, D.

Vojtéch: Ignition-resistant Mg-2Y-2Gd-1Ca alloy for aviation applications, Journal of Alloys and

Compounds, 2023, Vol. 948, 169683.

This paper presents a comprehensive study on a novel Mg-2Y-2Gd-1Ca alloy processed by
extrusion and equal channel angular pressing (EX-ECAP) aiming to investigate the influence of
microstructure on ignition temperature, mechanical properties, and corrosion resistance. The
alloy exhibited an impressive ignition temperature of approximately 950 °C, as determined by
linear heating experiments, irrespective of the processing method and resulting microstructure.

This is a lower value than in the case of previously studied Mg-4.5Gd-3.4Y-2.6Ca (wt.%) alloy,
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however in terms of potential use it is well-balanced by lower content of expensive rare earth

elements Y and Gd.

Thermogravimetry analysis and differential thermal analysis further revealed that the onset of
oxidation occurred approximately 50 °C below the ignition temperature. This finding
underscores the robust thermal stability of the alloy which is critical for applications in high-

temperature environments.

The microstructural evolution due to processing has significant implications to mechanical
properties. The extruded alloy, characterized by a partially recrystallized microstructure,
demonstrated a favourable balance of strength and ductility. In contrast, EX-ECAP processing

resulted in higher strength but reduced ductility due to its finer microstructure.

Corrosion resistance was also evaluated, with initial results showing distinct differences
influenced by the processing technique. However, these differences diminished after one day of
immersion in a 3.5% NaCl solution, and corrosion rates became comparable after one week. The
distribution of corrosion attack, which was more localized in extruded samples due to the
presence of larger Mg,Ca particles compared to those processed by ECAP, made the main

distinction between both conditions.

Our work indicates unambiguously that Mg-2Y-2Gd-1Ca alloy exhibits exceptional properties for
aircraft manufacturing applications. Its combination of high ignition temperature, superior
mechanical properties tailored by processing method, and robust corrosion resistance makes it
an attractive candidate for components requiring reliability and performance under demanding
operational conditions. This research underscores the potential of the alloy to advance materials
science and engineering, particularly in aerospace sectors where stringent requirements for

safety, strength, and durability are a paramount issue.

| oversaw and coordinated the research efforts and the co-operation with the UCT group. A
substantial part of the experimental work in our team was conducted by my PhD student,
Stanislav Sasek, whose dedicated efforts were instrumental in gathering and analysing the
experimental data. Under my guidance and supervision, Stanislav meticulously summarized
the findings from our experiments and made significant contributions to the preparation of
the manuscript. His detailed analysis and interpretations greatly enriched our understanding
of the obtained results, ensuring that our findings were accurately presented and effectively
communicated. This collaborative effort underscores the importance of mentorship and

teamwork in achieving rigorous scientific inquiry and scholarly output.
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3. Conclusions and outlook

The research and development of magnesium-based materials remain a broad and significant
scientific field. This habilitation thesis addresses two primary areas of focus. The first area
concentrates on the study of ultra-fine-grained (UFG) magnesium materials alloyed with
aluminium and zinc, with an emphasis on the processes of grain fragmentation, strengthening
and thermal stability of microstructure. This investigation was conducted using well-known
commercial magnesium alloys; however, these alloys were rarely processed by equal channel
angular pressing (ECAP) and high pressure torsion (HPT) at the time of research. The main

findings from this area can be summarized as follows:

- Both severe plastic deformation techniques, equal channel angular pressing (ECAP) and
high pressure torsion (HPT), induced substantial deformation in the material causing an
increase of dislocation density and continuous grain fragmentation and refinement of
the microstructure. When comparing the microstructure conditions corresponding to
the same equivalent strain introduced by ECAP and HPT, HPT was found to be more
effective in grain refinement and dislocation density increase.

- The ultra-fine grain size and high dislocation density result in excellent mechanical
properties, particularly microhardness and strength.

- Thermal stability of UFG microstructure was thoroughly studied via dedicated
experiments focusing on dislocation density and grain growth. Activation energy for
grain growth was determined.

- The UFG microstructure can induce superplastic behaviour, allowing the material to
undergo significant deformation without fracture. This property facilitates complex
shaping processes and the production of intricate components with high precision.
Superplastic behaviour was confirmed and studied in detail in material processed by
ECAP.

- In summary, the series of papers (JS1 — JS5) published in years 2013 — 2017 presents a
comprehensive study of ultra-fine-grained magnesium alloys, their properties and
undergoing physical processes during processing a subsequent treatment. It can be
considered as a valuable contribution to the global knowledge about UFG magnesium
alloys and in general to processes of grain refinement, microstructure recovery and
recrystallization, strengthening, plastic deformation mechanisms including

superplasticity and corrosion processes.
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The second part of this thesis focuses on newly designed magnesium alloys incorporating rare
earth elements and calcium, with the objective to achieve higher ignition temperatures and
improved flammability resistance. These alloys were specifically designed to enhance safety and
performance in applications where resistance to flammability is crucial, such as accident
scenarios in aerospace industry. These materials were studied in both their as-cast and extruded
conditions, as well with subsequent processing by ECAP. The most significant findings are as

follows:

- One of the most notable and firstly reported characteristics of the newly designed alloys
Mg-Gd-Y-Ca are their exceptionally high ignition temperatures, exceeding 1100 °C,
which is in the range of the highest reported ignition temperatures in magnesium alloys
ever. The remarkable thermal stability of this alloy is attributed to the synergetic
interaction among Y, Gd, and Ca oxides, with Y,0s identified as the primary contributor.

- The corrosion resistance of these alloys is acceptable. In extruded materials, corrosion
was relatively localized; however, the alloys processed by ECAP exhibited a more
uniform corrosion attack and significantly shallower corrosion pits.

- Mg-Y-Gd-Ca alloys demonstrates significant potential for the use in aerospace industry.
Their high ignition temperature meeting technical standards, outstanding mechanical
properties—refined by specific processing methods—and strong corrosion resistance
render them an excellent choice for components that demand reliability and
performance under challenging operating conditions.

- This research highlights the capacity of the specially designed magnesium alloys to
advance materials science and engineering, especially within the aerospace sector,
where stringent requirements for safety, strength, and durability are critical. My
research team, and in particular my PhD student S. Sasek, are currently engaged in this
research and will continue to work on this intriguing and promising topic. New
undergraduate and graduate students are expected to join this challenging research in

the future.
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