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Microstructure and mechanical
properties study of the finegrained

magnesium alloys processed by severe
plastic deformation

Department of Physics of Materials

Supervisor of the master thesis: RNDr. Jitka Stráská, Ph.D.
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Abstract: Two magnesium alloys (Mg-4Y-4Gd-2Ca and Mg-2Y-2Gd-1Ca) with
high ignition temperature were successfully processed by extrusion. Mg-2Y-2Gd-
1Ca alloy was additionally processed by equal channel angular pressing (ECAP)
to achieve ultrafine-grained microstructure. The effect of extrusion parameters
on fraction of recrystallized grains, grain size, and texture was revealed by EBSD
analysis. The presence of Mg2Ca, REH2 and Mg5RE secondary phases was proven
by SEM and TEM.

Microstructural condition including distribution and morphology of secondary
phase particles directly affected the mechanical properties. Yield tensile stress
exceeding 200 MPa was achieved in each condition. Large non-recrystallized
grains with strong {101̄0} texture resulted in a significant anisotropy in mechan-
ical properties. Processing by ECAP led to a homogeneous microstructure with
a mean grain size below 1 µm. ECAP condition showed superior mechanical
properties with a low anisotropy.

The developed and analysed microstructural condition resulted in favourable me-
chanical properties. The studied alloys are therefore promising for the application
in aerospace industry.
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Introduction
Magnesium, as the lightest construction material with density ρ = 1738 kg.m−3

[1], has been the subject of intensive research in recent years. Its low density
and high specific strength predetermine it for application in the automotive and
aerospace industries and wherever the emphasis is on weight savings. Reducing
weight in cars and aircraft leads to lower fuel consumption and saving money and
the environment.
The use of magnesium alloys in air transport has mainly been hampered by a ban
on use because of their high flammability. In 2015, the rules prohibiting the use
of magnesium alloys on passenger seat design elements were revised. Magnesium
alloys may be used in aircraft seat construction if they meet the flammability
performance requirements.
Ignition temperature, microstructure, and mechanical properties are influenced
by alloying elements. Suitable candidates appear to be rare-earth (RE) metals.
When exposed to high temperatures, they form a thermally stable oxide layer
[2, 3], which has been proven to prevent the alloy from ignition. RE metals with
magnesium also form intermetallic phases, which enhance mechanical properties.
Secondary phases containing RE metals are thermally stable and promote particle
stimulated nucleation during thermomechanical processing [4].
The processing of the material significantly affects its microstructure and thus its
mechanical properties. Severe plastic deformation (SPD) methods are a group
of metalworking techniques that uses very high strains to produce material with
high dislocation density and small grain size. One of these methods is equal
channel angular pressing (ECAP), which has proven itself in the production of
ultrafine-grained (UFG) materials with a grain size below one micrometer. These
materials are usually characterized by superior mechanical properties.
This thesis aims to analyse the microstructure and mechanical properties of two
magnesium alloys designed with an emphasis on high ignition temperature while
maintaining solid mechanical properties.
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1. Aims of the thesis
The aim of the thesis is to prepare fine grained conditions of non-flammable Mg-
4Y-4Gd-2Ca and Mg-2Y-2Gd-1Ca alloys, characterize their microstructure, and
evaluate their mechanical properties.
Following partial aims will be achieved:

• To process two quaternary magnesium alloys by extrusion

• To process Mg-2Y-2Gd-1Ca alloy by ECAP

• To characterize the microstructure and to describe secondary phases using
SEM and TEM

• To characterize mechanical properties using tensile/compression tests and
microhardness measurement

• To discuss the influence of processing parameters on microstructure includ-
ing texture

• To discuss the influence of microstructure on the achieved mechanical prop-
erties.
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2. Theoretical background

2.1 Magnesium and its alloys
Magnesium (symbol Mg) is a chemical element with an atomic number 12. It
belongs to the group of alkaline earth metals. Magnesium is the sixth most
abundant element in the earth’s crust and the third in seawater. Due to its
great chemical affinity, magnesium is not found in its elementary form. The most
common compounds are magnesite (MgCO3), dolomite (MgCO3·CaCO3), and
carnallite (KCl·MgCl2·6H2O) [1,5, 6].
Magnesium is the lightest structural metal with density ρ

.= 1740 kg.m−3 and
melting point Tm = (650 ± 1) ◦C. It crystallizes in hexagonal close packed (HCP)
structure with parameters a = 320 nm and c = 520 nm (see Fig. 2.1). The ratio
c/a = 1.624 is very close to the ideal of HCP structure (c/a =

√︂
8/3 ≈ 1.633) [1,7].

There are three stable isotopes of magnesium: 24Mg, 25Mg, and 26Mg [8].

The advantages of magnesium and its alloys are:
• Low density and high specific strength

• Good castability

• Low price and easy availability

• Good weldability under controlled atmosphere

• Recyclability.
On the other hand, there are also some disadvantages of magnesium and its alloys:

• Low elastic modulus

• Limited cold workability and toughness

• High chemical reactivity

• Low corrosion resistance

• Limited strength and creep resistance at elevated temperatures [9].

Figure 2.1: Hexagonal close-packed crystal structure [10].
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2.2 Deformation mechanisms of magnesium al-
loys

Slip and twinning are two basic mechanisms of plastic deformation in metals.

2.2.1 Slip
Slip is the movement of one part of a crystal over the other part. On an atomic
scale, it involves sliding of one plane of atoms over another. The plane on which it
occurs is called the slip plane, and the direction in which they move is called the
slip direction. A slip plane and a slip direction form a slip system (Fig. 2.2) [11].

Figure 2.2: Slip systems in hexagonal structure: (a) basal, (b) prismatic, (c)
pyramidal I, (d) pyramidal II. The arrow indicates the direction of the slip [12].

Slip occurs when the shear stress applied on the slip plane in the slip direction
reaches a critical value called critical resolved shear stress (CRSS). Slip systems
with the lowest CRSS are those with close-packed planes (with most atoms per
area) and close-packed directions (most atoms per length). That is the reason
why these slip systems are usually activated first. The areal density of atoms in
a hexagonal lattice is related to the c/a ratio, and therefore, the preferred planes
for dislocation movement differ for different HCP metals. If the c/a ratio is higher
than for the ideal HCP structure, basal slip usually occurs. On the other hand, if
the c/a ratio is lower, prismatic or pyramidal is more common. As noted in the
previous section, magnesium has c/a close to the ideal value. Hence the basal
slip can be partially substituted by prismatic or pyramidal slip systems [7].
The microscopic mechanism responsible for macroscopic plastic deformation is
a mass movement of dislocations [11, 13].

2.2.2 Twinning
Magnesium, as a hexagonal metal, has only several independent slip systems
(Tab. 2.1) with different CRSS. CRSS of the basal slip system is more than an
order of magnitude smaller than for other slip systems. Hence, they usually
require elevated temperature or higher applied stress to be activated [14]. Ac-
cording to the von Mises criterion, five independent slip systems are necessary
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for homogenous plastic deformation of polycrystalline material [15]. For that
reason deformation mechanism called mechanical twinning may take place at
RT [11,14,16].

Direction Plane Notation Number of independent modes
⟨a⟩ Basal {0002} ⟨112̄0⟩ 2
⟨a⟩ Prismatic {11̄00} ⟨112̄0⟩ 2
⟨a⟩ Pyramidal {11̄00} ⟨1120⟩ 4

⟨c+ a⟩ Pyramidal {101̄1} ⟨112̄3̄⟩ 4
⟨c+ a⟩ Pyramidal {21̄1̄1} ⟨112̄3̄⟩ 4
⟨c+ a⟩ Pyramidal {112̄2} ⟨112̄3̄⟩ 4

Table 2.1: Independent slip systems in hexagonal metals [11].

Mechanical twinning, similarly to slip, occurs by shear. A twin is a symmetrical
mirror part of a crystal compared to the original undeformed crystal. The mirror
plane is called the twinning plane (Fig. 2.3). Unlike slip, during twinning, a shift
by non-integer multiples of the interatomic distance and an abrupt reorientation
of the crystal lattice occur. Twinning shear is always directional because shear
in one direction is not equivalent to shear in the opposite direction [17].

Figure 2.3: Schematic comparision of (a) slip and (b) deformation twinning [18].

The most common twinning system in HCP metals is {101̄2} ⟨101̄1⟩. This twin-
ning system provides elongation in the c-axis, which plays an essential role in the
ductile behaviour of magnesium alloys. The direction of shear associated with
this twinning system depends on the c/a ratio. Magnesium and most of other
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HCP metals have c/a <
√

3. For these metals, twins are formed when the applied
tensile stress is parallel to the c-axis or for compression stress applied perpendic-
ular to the c-axis, (Fig. 2.4). The reorientation of grain-twin is approximately
86.3◦ [11, 17,19].

Figure 2.4: Mechanisms of twinning in magnesium alloys depending on the di-
rection of the external stress (a) in tension (b) in compression [19].

2.3 Strengthening mechanisms in alloys
The strength of polycrystalline materials depends on the mobility of dislocations
and twin boundaries. The mobility of dislocations is affected by so-called pinning
points - obstacles avoiding dislocation motion. These obstacles can be other dis-
locations, grain boundaries, solute atoms of different elements, and precipitates.
Strengthening mechanisms describe how and how much these obstacles hinder
dislocation movement and affect mechanical properties.

2.3.1 Work hardening
Work hardening is caused by the interaction of mobile dislocations with disloca-
tion structure. Dislocations create a stress field that hinders dislocation motion
and strengthens the material. In addition, interactions can create entanglement
and jogs, which severely influence the movement of dislocations [20]. Contribution
of work hardening σD is given by Eq. 2.1 [21]:

σD = αGbρ− 1
2 , (2.1)

where α is a proportionality constant, G is the shear modulus, b is the Burgers
vector, and ρ = l

V
is the dislocation density defined as dislocation lines length l

per unit volume V .

2.3.2 Grain boundary strengthening
Grain boundary strengthening is a mechanism that plays a crucial role in poly-
crystalline materials, especially in UFG alloys. In the case of dislocation move-
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ment, the Burgers vector must be a translation vector of the crystal, which usually
does not hold for neighbouring grains due to their different orientations. Hence,
dislocations pile up on grain boundaries generating stress that acts against sub-
sequent dislocations. Dependence of strength on grain size is given by the Hall-
Petch equation (Eq. 2.2) [22,23].

σy = σ0 + kyd
− 1

2 , (2.2)

where σy represents the yield stress, σ0 is the resistance of the lattice to dislocation
motion, ky is the material constant, and d is the average grain diameter. Defining
the diameter d is unclear in the case of bimodal grain size distribution or the case
of non-equiaxed grains.
Although there exist some models explaining Eq. 2.2 described in [24–26], the
complete principle is still not understood. The validity of Eq. 2.2 was experimen-
tally verified in a wide range of grain sizes. It fails in the case of submicrometer
grains, where the strength decreases with decreasing grain size. This is caused by
the activation of another deformation mechanism - grain boundary sliding, see
Fig. 2.5. This phenomenon is called the inverse Hall-Petch relation.

Figure 2.5: Strength of polycrystalline material depending on d− 1
2 - inverse Hall-

Petch [27].

2.3.3 Solid solution strengthening
Atoms of other elements may occupy a substitutional or interstitial position in
the matrix and form so-called solid solution, see Fig. 2.6. Solid solution forms,
if Hume-Rothery rules are met, described in detail in [28]. If the rules are not
met, solute atoms tend to form secondary phases. Typical interstitials are small
atoms (H, C, N, O). Substitutional atoms are usually similarly large as matrix
atoms.
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Figure 2.6: Solid solution (a) substitutional, (b) interstitial [27].

Dissolved atoms cause lattice distortion and the formation of stress field around
the atoms, which acts against dislocation movement. There are a number of
models describing the influence of concentration of dissolved atoms c on contri-
bution to material strength σS. For example Fleischer: σS ∼ c

1
2 [29], or Labusch

σS ∼ c
2
3 [30].

2.3.4 Precipitation hardening
Particles of secondary phases are other obstacle for dislocation motion. There
are two types of precipitates - coherent and incoherent. Coherent precipitate
and matrix lattice are continuous. Therefore, they must have the same type of
crystalline structure. If the lattice parameters of coherent precipitate and matrix
are different, a stress field is created around the precipitate. The stress increases
with the increasing precipitate size until the continuity of lattice planes breaks.
This is the reason why coherent precipitates are usually much smaller. There is
no continuity between crystallographic planes of precipitate and matrix in the
case of incoherent precipitate, see Fig. 2.7.

Figure 2.7: Illustration of (a) incoherent and (b) coherent precipitates [31].
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Dislocations use different mechanisms to overcome coherent and incoherent pre-
cipitate. In the case of coherent precipitate, dislocation can pass through the
precipitate by slip because of the crystallographic planes continuity. After pass-
ing through, an antiphase boundary can be formed and the surface energy of the
precipitate increases, see Fig. 2.8. The increase in the energy of the precipitate
must be associated with the work done and thus with the extra force necessary
to overcome the precipitate.

Figure 2.8: Dislocation pass through the coherent precipitate (a) schematic illus-
tration [27], (b) Ni3Al particles in a Ni-base alloy [32]

.

Incoherent precipitates can be overcome by dislocation by two mechanisms -
Orowan looping and Hirsch looping. In the case of Orowan looping, the dislo-
cation bends around the precipitate. If the applied stress is sufficiently high,
bent sections with the opposite sign of the Burgers vector get close enough to
annihilate. The dislocation splits into two parts - the dislocation loop around
the precipitate and the dislocation line. The dislocation remains in one slip plane
throughout the process. Multiple dislocation pass causes the formation of several
concentric loops around the precipitate. That leads to what is known as Orowan
strain hardening [33,34].
An alternative mechanism involving a cross-slip, in which two dislocation loops
are formed, is known as the Hirsch looping. Both mechanisms are schematically
illustrated in Fig. 2.9 [34,35].
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Figure 2.9: Orowan and Hirsch looping [34].

2.4 Texture and its effect on mechanical prop-
erties

Preferred orientation of crystallites (texture) is a characteristic property of poly-
crystalline materials. Like single crystals, polycrystals with non-random texture
exhibit anisotropy of physical properties such as strength, electrical conductiv-
ity, piezoelectricity, magnetic susceptibility, light refraction, and wave propaga-
tion [36].
Two coordinate systems are necessary to quantify the texture - first related to
the orientation of crystallite and the second related to sample orientation. This
requires three variables, usually Euler angles, that relate these two coordinate
systems. In the case of a polycrystal, it is possible to construct an orientation
probability distribution of the three angles, and it is described by an orientation
distribution function (ODF). ODF gives complete information about the texture
[36,37].
ODF gives the distribution of grain orientation in the material and thus the distri-
bution of suitable volumes (grains) for activation of a particular slip or twinning
system. If most of the grains are oriented so that the Schmid factor of a certain
slip system is close to zero (slip plane parallel or perpendicular to tensile axis), rel-
atively higher stress is necessary to activate this system, or activation of another
system must occur. Texture is typically formed when alloys are mechanically
processed, for example by rolling, extrusion or ECAP [38].
The texture can be quantitatively represented by pole figure and inverse pole fig-
ure. Pole figure is a two-dimensional projection of ODF. It shows the probability
of finding a pole to a particular lattice plane in a specific sample direction. Inverse
pole figure is also a two-dimensional projection of ODF, but in this case, the prob-
ability of finding a sample direction relative to crystal directions is plotted [36].
An example of pole figure and inverse pole figure is shown in Fig. 2.10.
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Figure 2.10: Inverse pole figure (a) and pole figure (b) of extruded WE43 alloy
measured by EBSD [39].

2.5 Extrusion
Extrusion is a thermomechanical process, in which a stem presses a billet at
high pressure through a tool of desired shape. The process is commonly used
for the production of bars, wires, tubes, and other products with fixed cross-
section. During extrusion, extruded material is under high compressive stress,
and therefore also brittle materials can be extruded. Direct and indirect are
the two most important types of extrusion. In the direct extrusion, a stem pushes
the billet through a tool of a desired shape. In contrast, in the indirect extrusion,
the die is pushed inside a hollow stew against the billet [40]. Schematic illustration
of a direct extrusion facility is shown in Fig. 2.11.

Figure 2.11: Schematic illustration of typical direct extrusion facility [38].

Three main parameters characterize the extrusion process: temperature, extru-
sion rate, and extrusion ratio.
The temperature plays an essential role in the extrusion process. Some materials
can be extruded at room temperature (RT). However, magnesium and its alloys
are usually extruded between 300 ◦C and 450 ◦C due to their low ductility at
RT [38]. The process of extrusion can raise a local temperature sufficiently to
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activate dynamic recrystallization. The grain size of the recrystallized grains
strongly depends on the processing temperature. Lower temperature results in
finer microstructure [41, 42].
The extrusion rate and extrusion temperature need to be optimized for each
alloy separately. With increasing temperature, the extrusion rate can also be
increased [38]. In the case of high ram speed, the temperature may increase
significantly, and the dynamic recrystallization may be affected. This can result
in a coarser microstructure [43].
The extrusion ratio ER is defined in Eq. (2.3):

ER = S1

S2
, (2.3)

where S1 is the initial cross-section and S2 is the final cross-section of the ex-
truded billet. The extrusion ratio has a great influence on the die exit temper-
ature and, thereby, the grain size. A higher degree of deformation caused by
a higher extrusion ratio gives rise to a higher degree of post-extrusion secondary
recrystallization, and consequently, a relatively weaker texture is observed [41].
In magnesium alloys, grain size after extrusion can be in the order of micrometres,
but they are usually elongated in the extrusion direction. The basal planes of non-
recrystallized grains are typically orientated parallel to the extrusion axis [38].

2.6 Equal channel angular pressing
As mentioned in section 2.3, the mechanical properties of polycrystalline material
are significantly affected by microstructure. Fine-grained microstructure with
high dislocation density can be produced by severe plastic deformation (SPD)
methods. One of these methods is Equal channel angular pressing (ECAP).
ECAP was developed by Segal and his co-workers in the 1970s and 1980s in former
Soviet Union [44]. There are many various types of ECAP. Schematic illustration
of a common type is shown in Fig. 2.12 [45]. The ECAP facility is relatively
simple. It consists of a die with a bent channel with constant diameter and ram
that pushes a billet through. A suitable lubricant such as MoS2 is usually used
to minimalize frictional effects.
The strain after N passes of ECAP with inner angle ϕ and an additional angle ψ
is given by Eq. 2.4. The deformation is simple shear as it is schematically shown
in Fig. 2.13 [45].

εN = N√
3

[︄
2 cot

(︄
Φ
2 + Ψ

2

)︄
+ Ψ csc

(︄
Φ
2 + Ψ

2

)︄]︄
(2.4)
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Figure 2.12: Schematic illustration of typical ECAP facility [46].

Figure 2.13: The principle of ECAP showing the shearing plane within the die
[45].

The cross-section of the billet does not change, so it can be processed repetitively
to attain high strains. The repetitive pressing can be used to activate different

15



slip systems during each pass just by rotating the billet between various passes.
In practice, ECAP with square cross-section is commonly used. It allows rotating
the billet by 90◦ or 180◦ after every pass. There are four fundamental processing
sequences called routes. If route A is used, the billet is not rotated between
passes. The billet is rotated by 90◦, whereby the direction of rotation changes
after each pass in route BA. The route BC is the same as the route BA, but the
direction of rotation does not change. If the billet is rotated by 180◦, it is route
C. The same routes are easily applied in the case of the circular cross-sectional
channel. Various combinations of these routes are also possible [45].
As already mentioned, using different routes leads to activation of different slip
systems. That results in significant differences in the microstructure [47,48]. On
the other hand, too many passes can lead to the formation of cracks, especially
if the temperature or pressing speed is not optimal.
The pressing temperature is a crucial parameter because of its great influence on
grain size. It can be controlled and measured relatively easily, and a lot of studies
have been done in recent years. Although pressing at higher temperatures is ex-
perimentally easier, pressing at lower temperatures results in finer microstructure
with higher fraction of high-angle boundaries [49–51]. On the other hand, the
temperature must be high enough to avoid cracking of the billets.

2.7 Alloys selection
Magnesium is a chemically active metal and easily reacts with other metal ele-
ments creating intermetallic phases. These secondary phases significantly affect
microstructure and mechanical properties. The most widely used alloying element
in magnesium alloy is aluminium. Addition of aluminium results in enhanced me-
chanical properties. It also improves castability [1].
The addition of calcium can assist in grain refinement and creep resistance. It also
improves corrosion resistance and thermal and mechanical properties [1]. Calcium
is known to increase the ignition temperature of magnesium alloys especially in
synergy with yttrium [52]. The disadvantage of magnesium alloys containing Ca
is their limited ductility due to high concentration of Ca-rich intermetallic phases,
forming at the grain boundaries and causing intergranular cracking.
Rare earth metals are added to improve mechanical properties at elevated temper-
atures. It also increases creep resistance and corrosion resistance. When exposed
to high temperatures, a rare earth’s oxide layer forms on the surface, protecting
from the ignition.
The increase of ignition temperature was confirmed in alloys containing Y and Gd,
when an oxide layer composed of Gd2O3 and Y2O3 was formed on the surface
[2, 3, 53, 54]. Because of their high price, they are primarily used in high-tech
alloys [1, 55].
In the present work, two magnesium alloys containing Y, Gd, and Ca featuring the
combination of high ignition temperature, high strength, and satisfactory elon-
gation were prepared. Alloying elements were selected preferentially according
to their positive effects on the ignition temperature. Newly designed alloy Mg-
4Y-4Gd-2Ca was inspired by WE43 (Mg-4Y-3RE) alloy, which has successfully
passed the specifically designed flammability test [56, 57]. Due to the excessive
cost of Y and Gd we have also designed Mg-2Y-2Gd-1Ca alloy.
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3. Experimental methods and
samples preparation

3.1 Scanning electron microscopy
Scanning electron microscope (SEM) uses interactions of accelerated electrons
with a sample. An image is created by rastering an electron beam over the sample
surface, and certain types of electrons are emitted and collected by the appro-
priate detectors. There are several signals that carry information from different
sample depths, see Fig. 3.1. As the depth of signal origin increases, the resolution
deteriorates.
One of the signals is Auger electrons coming from a minimal depth (1nm). In
most cases, scanning electron microscopes are not equipped with a detector using
this type of signal.
Secondary electrons (SE) are emitted from inelastic collisions of primary electrons
with electrons of the specimen’s atoms. They have low energy (<50 eV). Low
energy limits their mean free path in the sample, so only SE emitted very close
to the surface are able to leave the sample and be detected. Consequently, they
are very useful for an inspection of the topography of the sample’s surface.
Backscattered electrons (BSE) are elastically reflected primary electrons. BSE
have more energy than SE, and therefore they emerge from deeper locations
within the specimen, and, consequently, the resolution of BSE images is less than
SE images. The amount of BSE depends on the atomic number of atoms Z.
The higher Z, the higher the electron density around the atom. This results
in a higher reflectivity and a lighter contrast compared to atoms with a lower
atomic number. The so-called Z-contrast is created. BSE are sensitive to chemical
composition, and they are suitable for observing different phases.

Figure 3.1: Schema of electron-solid interaction volumes [58].
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When primary electrons interact with matter, X-rays are also produced. One of
the types of X-rays is the so-called characteristic X-rays, which arise during the
deexcitation of an atom. Since the energy levels in the atom are quantized and dif-
ferent for each element, the chemical composition of the sample can be determined
by measuring the X-ray spectrum. Based on the intensity of different wavelengths,
concentration of individual elements can be estimated. The method using this
physical principle is called Energy-dispersive X-ray spectroscopy (EDS).
The microstructure was studied with SEM FEI Quanta 200F. The accelerating
voltage was 5 keV.

3.2 Electron backscatter diffraction
Electron backscatter diffraction (EBSD) is a scanning electron microscope–based
experimental technique using diffraction of backscattered electrons to determine
crystallographic orientation at measured points.
Inelastically scattered BSE are scattered in all directions. The intensity of the
scattered beam is greatest in its original direction and decreases with increasing
angle. BSE may subsequently diffract on crystallographic planes if they satisfy
Bragg’s equation (Eq. 3.1):

2dhkl sin θ = λ, (3.1)

where dhkl represents interplanar distance, θ Bragg’s angle, and λ is de Broglie
wavelength of the electron.
Electrons of the same wavelength diffract in two directions, 1 and 2. Part of the
electrons from direction 1 diffracts into direction 2 and vice versa. The intensity
of the diffracted beam is proportional to the intensity of the electrons in the
individual directions. Thus, in direction 1, the intensity decreases because more
electrons diffract in direction 2 than in direction 1. In direction 2 the intensity
will be higher. In 3D space, the diffracted electrons form pair of so-called Kossel
cones. On the screen of the EBSD detector are sections through these cones -
two hyperbolas (dark and bright). Due to their great curvature, they can be
considered as lines and they are called the Kikuchi lines.
Suppose the direction of the incident beam is almost parallel to the crystallo-
graphic planes. The intensity of the diffracted beam is almost the same in both
directions and no pair of Kikuchi lines is formed. Instead, the strong dynamical
diffraction effect creates a band of increased intensity between directions 1 and
2. This band is called the Kikuchi band. The formation of Kikuchi lines and
Kikuchi bands is schematically shown in Fig 3.2.
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Figure 3.2: Schema of (a) Kikuchi lines and (b) Kikuchi bands formation [59].

In practice, diffraction occurs not only on one system of planes but on several
systems. This gives an image of several Kikuchi lines/bands, the so-called Kikuchi
pattern, see Fig. 3.3. The Hough transform is used for easier Kikuchi pattern
analysis in determining the orientation of the investigated point. It assigns two
characteristic values (angle and distance) to each line/band.
EBSD method is mainly used for the characterization of polycrystalline materials.
Texture, grain size distribution, grains misorientation, and other material features
can be obtained by this powerful method.
Scanning electron microscope FEI Quanta 200F equipped with an EBSD camera
by EDAX was used for EBSD measurement. The accelerating voltage was 10 kV,
and the step size 200 nm (100 nm for ECAP condition).

Figure 3.3: An example of (a) Kikuchi lines [59] and (b) Kikuchi bands [60].

19



3.3 Transmission electron microscopy
Transmission electron microscopy (TEM) uses beam of high energetic electrons.
Unlike SEM, the electron beam passes through a very thin sample (less than
100 nm). There are many techniques and types of contrasts in modern transmis-
sion electron microscopes. For the purpose of this work, it will be sufficient to
explain the principle of the scattering contrast and diffraction pattern.
Scattering contrast is created by the partial elimination of elastically scattered
electrons by an objective aperture. Inelastically scattered electrons usually pass
through this aperture and contribute to the image background. During elastic
scattering, electrons interact with the electrostatic potential of atoms and are
deflected from the original trajectory. Parts of the sample with a higher average
atomic number Z, such as precipitates, scatter more and appear darker on the
screen. Similarly, thicker areas of the sample scatter more electrons than thin
ones and also appear darker.
The advantage of electron diffraction over X-ray diffraction is the ability to focus
the electron beam on a very small area. In addition, a picture can be taken, or
chemical analysis (EDS) can be measured at the same sample location. Crys-
talline materials have a periodic structure of atoms that appear as a diffraction
grating. Because electrons also have a wave character, diffraction occurs on the
crystal lattice, and a diffraction pattern is formed in the back focal plane of the
microscope. The diffraction pattern is a Fourier transform of the electrostatic
potential of all atoms. Based on it, we can determine the type of crystal lattice,
including lattice parameters, and subsequently identify the phase.
An example of a precipitate and a diffraction pattern is shown in Fig. 3.4.

Figure 3.4: Mg5RE precipitates in magnesium alloy (a) scattering contrast and
(b) diffraction pattern [61].

Detailed microstructure analysis was performed using transmission electron mi-
croscopes Jeol 2200FS (Mg-4Y-4Gd-2Ca, ECAP condition) and JEOL 2000 FX
(extruded Mg-2Y-2Gd-1Ca).
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3.4 Deformation tests
Tensile/compression tests are a basic type of experiment characterizing the be-
haviour of material under applied stress. In the deformation test, the dependence
of the applied load on the elongation of the sample is measured. Using the mea-
sured data and known sample dimensions, a stress-strain curve is constructed,
from which the characteristic values of the investigated material are determined.
A typical example of a stress-strain curve is shown in Fig. 3.5. The linear part of
the deformation curve belongs to the elastic deformation. When deviating from
the linear part, plastic deformation occurs. The parameter characterizing the
minimum stress in which plastic deformation occurs is called yield stress. It is
defined as the stress at 0.2 % of plastic strain. UTS (ultimate tensile strength)
is the maximum on the engineering tensile stress-strain curve. UCS (ultimate
compressive strength) is defined analogously.

Figure 3.5: Stress-strain curve [62].

Tensile and compressive tests were measured on Instron 5882 equipped with an
extensometer. Compressive tests were measured on at least three samples, tensile
tests on two. In the case of tensile tests (except ECAP condition), an extensome-
ter was used. The measurement was performed at room temperature with a strain
rate 10−3 s−1.

3.5 Microhardness measurement
Microhardness measurement is one of the experimental methods characterizing
mechanical properties. Microhardness testing consists of making an indentation
on the sample by a diamond indenter. The sample’s surface should be thoroughly
polished, strain-free, and perpendicular to the indentation axis.
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There are several types of indenters of different shapes. One of the most common
is the pyramidal Vickers-type with interfacial angle 136°, see Fig. 3.6. A cali-
brated optical microscope is used to determine the size of the resultant indentation
d [63].

Figure 3.6: Scheme of indentation [63].

The Vickers microhardness HV is given by Eq. (3.2):

HV = 1.854.4P
d2 [kgf.mm−2], (3.2)

where P represents the load expressed in units of gram force and d is the arith-
metic mean of the lengths of the indentation diagonals in micrometres.
Usually, several tens of measurements are performed to obtain a sufficient statis-
tical set or to characterize the microhardness at multiple locations in the sample.
Vickers microhardness was measured by Qness Q10 with a load of 10 N for 10 sec-
onds in the transverse section. At least 100 (ER25), 230 (ER11) or 430 (ECAP)
indentations were evaluated for each condition.

3.6 Differential scanning calorimetry
Differential scanning calorimetry (DSC) is an experimental method by which heat
capacity, heat of transition, purity, and glass transition can be determined. DSC
curves also serve to identify substances, set up phase diagrams and determine
degrees of crystallinity. DSC is based on measuring the change of the difference
in the heat flow rate to the sample and a reference sample while they are subjected
to a controlled temperature program. A material whose heat capacity is known
and does not undergo any phase transformation in the measured temperature
range is used as a reference [64].
There are several types of DSC. One of the most used is the heat flux DSC,
see Fig. 3.7. The measuring cell consists of two pans connected by a thermal
bridge (for the sample and the reference) and sensors measuring the temperature
difference and the absolute temperature. The cell is usually filled with inert gas.
The primary measurement signal is a temperature difference that determines the
intensity of the exchange, and the resulting heat flow rate is proportional to it [64].
During measurement, if no thermal processes occur in the material, the DSC
signal is proportional to the sample’s heat capacity. The first-order phase transi-
tion is associated with heat absorption/emission. This displays a peak in the DSC
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curve. The area under the peak is proportional to the heat absorbed/emitted dur-
ing the phase transition. Second-order phase transition associated with abrupt
change in heat capacity is detected as a step change in the DSC curve [65].

Figure 3.7: Scheme of heat flux DSC [66]

Heat flux Netzsch DSC 404 C Pegasus was used for DSC measurement. The
temperature profile was 100 ◦C → 550 ◦C → 100 ◦C, 5 ◦C/min, measured in
inert Ar atmosphere.

3.7 Samples preparation
Samples for SEM and EBSD measurement were cut by ATM Brillant 220 saw
into three millimetres thick slices and ground using SiC abrasive papers (P4000).
Then they were polished using diamond paste with particles of about 0.25 µm. In
the end, EtosilE containing particles of about 0.06 µm was used. For EBSD ob-
servation, samples were additionally ion polished by Leica EM RES102. Samples
prepared for SEM observation were also used for microhardness measurement.
Samples for TEM observation were first cut to one millimetre thick slices and
ground by SiC paper (P1200) on both sides to 150 µm thickness. Then disks
three millimetres in diameter were cut. Subsequently, approximately 100 µm
deep hollow was ground into them. In the end, the centre of the disks was ion
polished until a small hole was made. The scheme of sample preparation is shown
in Fig. 3.8.
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Figure 3.8: TEM sample preparation: (a) a sample with a ground hollow (top
view), (b) sample with ground hollow (side view), (c) final form sample (side
view).

Samples for deformation tests were machined by a lathe due to their circular
cross-section. ECAP condition tensile samples were cut using ATM saw and
processed by CNC machine due to limited amount of material. Both samples
for compression and tensile tests, were machined with the longest side parallel to
the extrusion (ECAP) direction. The scheme of samples, including dimensions,
is shown in Fig. 3.9.

Figure 3.9: Deformation tests samples.
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4. Experimental material and
aims of the thesis

4.1 Experimental material
Two quaternary magnesium alloys further referred to as Mg-4Y-4Gd-2Ca and
Mg-2Y-2Gd-1Ca have been used in this thesis.

4.1.1 Mg-4Y-4Gd-2Ca processed by extrusion
The exact composition of the alloy (4.5 % Gd, 3.4 % Y, and 2.6 % Ca, in wt. %)
was determined by EDS. All elements were melted at 750 ◦C under a protective
Ar atmosphere and homogenized for 10 minutes. Then they were cast into a
cylindrical brass mould with a 50 mm diameter. After casting, solution annealing
was performed at 480 ◦C for 16 hours and subsequently quenched in water.
The alloy thus prepared was extruded at two different temperatures (350 ◦C and
400 ◦C) with two extrusion ratios (11 and 25). The extrusion rate was 0.02 m.s−1.
Labels of extruded conditions and parameters of processing are summarized in
Tab. 4.1.

Label Heat-treatment Extrusion ratio Extrusion temperature
Ex350-ER11 480 ◦C for 16 h 11 350 ◦C
Ex350-ER25 480 ◦C for 16 h 25 350 ◦C
Ex400-ER11 480 ◦C for 16 h 11 400 ◦C
Ex400-ER25 480 ◦C for 16 h 25 400 ◦C

Table 4.1: Labels and processing parameters of extruded conditions of Mg-4Y-
4Gd-2Ca.

4.1.2 Mg-2Y-2Gd-1Ca processed by extrusion
The exact composition of the alloy (2.0 % Y, 1.9 % Gd, and 1.1 % Ca, in wt. %)
was determined by EDS. The alloy Mg-2Y-2Gd-1Ca was cast and heat-treated
under the same conditions as Mg-4Y-4Gd-2Ca. Then it was extruded at two
different temperatures (300 ◦C and 350 ◦C). The extrusion ratio (11 and 25) and
the extrusion rate (0.02 m.s−1) were like in the case of Mg-4Y-4Gd-2Ca. Labels
of extruded conditions and parameters of processing are shown in Tab. 4.2.

Label Heat-treatment Extrusion ratio Extrusion temperature
Ex300-ER11 480 ◦C for 16 h 11 300 ◦C
Ex300-ER25 480 ◦C for 16 h 25 300 ◦C
Ex350-ER11 480 ◦C for 16 h 11 350 ◦C
Ex350-ER25 480 ◦C for 16 h 25 350 ◦C

Table 4.2: Labels and processing parameters of extruded conditions of Mg-2Y-
2Gd-1Ca.
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4.1.3 Mg-2Y-2Gd-1Ca processed by ECAP
Only Mg-2Y-2Gd-1Ca alloy was processed by ECAP. Mg-2Y-2Gd-1Ca is more
promising due to the lower price caused by the lower concentration of RE-metals.
Within this project, the emphasis was mainly on high ignition temperature and,
despite the twice lower concentration of alloying elements, it reaches only 150 ◦C
lower ignition temperature than Mg-4Y-4Gd-2Ca.
Because the extruded conditions showed signs of insufficient solution annealing
temperature (large Mg2Ca precipitates), DSC curves were measured on both
alloys to determine (Mg)+Mg2Ca ⇆ (Mg) phase transition temperature, see
Fig. 4.1. Based on the measurement, the alloy was annealed at 525 ◦C for 16
hours in order to homogenize the chemical composition to assure successful ECAP
processing.

Figure 4.1: DSC curves of investigated alloys.

Billets with square cross-section and length of 10 cm were processed by ECAP,
following route BC . Die had the inner angle ϕ = 90◦ and the angle of curvature
ϕ = 0◦. Eight passes of ECAP were performed, after which saturation of the
microstructure was observed in similar alloys [61,67]. Processing temperature and
pressing speed were chosen based on experience with Mg-4Y alloy, see Tab. 4.3.

ECAP pass number 1 2 3 4 5 6 7 8
Processing temperature [◦C] 340 325 315 305 300 295 290 290

Pressing speed [mm/min] 2 3 5 7 7 7 7 7

Table 4.3: ECAP procedure parameters.

The condition processed by ECAP will be further referred to as ECAP condition.
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5. Results

5.1 Mg-4Y-4Gd-2Ca after extrusion

5.1.1 Secondary phase particles
The microstructure was studied by SEM (BSE, EDS) and TEM. No differences
in the number, composition, or distribution of the precipitates were observed
for different conditions. Fig. 5.1 and 5.2 show micrographs of Ex350-ER25.
Secondary phases were determined on the basis of local chemical analysis using
EDS and electron diffraction.

Mg2Ca precipitates

The Mg2Ca particles are aligned in the direction of extrusion, see Fig. 5.1 (a).
Large particles (∼4 µm) of Mg2Ca phase were observed, see Fig. 5.1 (a-b) and
Fig. 5.2 (b). Small precipitates were also present and they are highlighted in a
circle in Fig 5.1 (b). Tiny particles of the same phase at grain boundaries and in
the form of coherent precipitates within the grains were observed by TEM, see
Fig. 5.2 (a-b). This phase usually forms due to the limited solubility of Ca in
the Mg matrix [68, 69]. It occurs when large intermetallic particles formed after
casting are fragmented and stretched during the extrusion process.

REH2 and Mg5RE precipitates

Particles rich in RE-metals were also observed. Specifically, REH2 with different
content of Y and Gd in individual particles (Fig. 5.1 (b) and Fig. 5.2 (c)).
Mg5RE are also present in the form of particles growing from the surface of
Mg2Ca or REH2 precipitates, see Fig 5.2 (c). Despite the high concentration of
yttrium and gadolinium, particles rich in these elements are relatively few. Based
on this, it can be concluded that most of the Gd and Y atoms are dissolved in
the magnesium matrix and only a small amount of MgRE intermetallic particles
formed during the extrusion process and subsequent cooling.

Figure 5.1: SEM micrographs of extruded Mg-4Y-4Gd-2Ca.
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Figure 5.2: TEM micrographs of extruded Mg-4Y-4Gd-2Ca showing (a) tiny
Mg2Ca coherent precipitates (b) Mg2Ca incoherent precipitates, and (c) large
REH2 particle with small Mg5RE growing on its surface.

5.1.2 Grain microstructure
EBSD was measured for each extruded condition in three different sections of the
extruded bar. Two measurements were performed in section perpendicular to the
extrusion direction - in the middle and on the edge, referred to as TS (transverse
middle section) and ES (transverse edge section). The third measurement was
performed on a section parallel to the extrusion direction in the middle of the
extruded rod, referred to as LS (longitudinal section). The scheme of sections
TS, ES, and LS is shown in Fig. 5.3.

Figure 5.3: Three different sections of the EBSD measurement.
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Fig. 5.4 shows IPF maps of all four extruded conditions measured in TS. In the
case of extrusion temperature of 350 ◦C (Ex350), the resulting microstructure was
significantly affected by the extrusion ratio. The microstructure of Ex350-ER11
is bimodal with a high fraction of non-recrystallized grains. The grain size of the
recrystallized grains is 2.5 µm in diameter. Ex350-ER25 led to fine-grained, al-
most fully recrystallized microstructure with small recrystallized grains - 2.3 µm.
Extrusion at higher temperature (400 ◦C) led to almost completely recrystallized
(Ex400-ER11) and wholly recrystallized (Ex400-ER25) microstructure with an
average grain size of 5.6 µm for both conditions.

Figure 5.4: IPF orientation maps of extruded Mg-4Y-4Gd-2Ca measured in TS.
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IPF maps measured in LS are shown in Fig. 5.5. Non-recrystallized grains
are observed in all conditions except Ex400-ER25, which is consistent with the
TS observations. These large grains are significantly elongated in the extrusion
direction.

Figure 5.5: IPF orientation maps of extruded Mg-4Y-4Gd-2Ca measured in LS.
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EBSD was also measured in ES, see Fig. 5.6. The finer microstructure and
the higher degree of recrystallization near the edge are probably caused by fric-
tional effect and higher strain near the contact of the extruded material and the
die. Unlike the microstructure measured in TS of the Ex350 conditions, grains
are completely recrystallized, but the average grain size of recrystallized grains
remained almost the same - 2.5 µm (Ex350-ER11) and 2.2 µm (Ex350-ER25).
In the Ex400-ER11 condition, there are no non-recrystallized grains. The mi-
crostructure of the Ex400-ER25 condition is fully recrystallized both near the
edge (Fig. 5.6) and in the center (Fig. 5.5). It can be concluded that the mi-
crostructure of Ex400-ER25 condition is homogeneous. The mean grain size of
Ex400 conditions measured in ES is 4.8 µm (Ex400-ER11) and 5.6 µm (Ex400-
ER25).

Figure 5.6: IPF orientation maps of extruded Mg-4Y-4Gd-2Ca measured in ES.
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5.1.3 Texture
Recrystallized grains

Fig. 5.7 shows pole figures of recrystallized grains measured on TS. Recrystal-
lized grains were selected based on grain size (<5 µm). The textural component
typical for RE-alloyed magnesium alloys having a c-axis rotated by ∼45° from
the extrusion direction is observed in all conditions. Also, weak texture overall
is typical for magnesium alloys containing rare earth elements [70–72]. There is
a clear connection between the texture of the non-recrystallized grains and the
recrystallized grains of Ex350-ER11. The RE texture appears to form gradu-
ally during recrystallization. Almost fully recrystallized condition Ex350-ER25
shows a complete RE texture, while in semi-recrystallized Ex350-ER11 condition,
this texture component is not fully developed. A weak unusual {0001} texture
component is present in all conditions except Ex350-ER11.

Figure 5.7: Pole figures of recrystallized grains calculated from the EBSD data
measured in TS of extruded Mg-4Y-4Gd-2Ca.
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Non-recrystallized grains

From Fig. 5.4, it is clear that the non-recrystallized grains have a strong {101̄0}
texture, thus with the decreasing proportion of non-recrystallized grains decreases
the overall intensity of {101̄0} texture component. Pole figures of Ex350-ER11
are shown in Fig. 5.8. The symmetrical textural component (see {101̄0} pole
figure in Fig. 5.8) is related to other prismatic planes being tilted by 30°. Strong
{101̄0} texture is typical for non-recrystallized grains of extruded magnesium
alloys [73,74].

Figure 5.8: Pole figures and IPF map of non-recrystallized grains of Ex350-ER11
calculated from the EBSD data measured in TS.
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5.1.4 Mechanical properties
Tensile and compressive tests

Representative stress-strain curves of compressive tests are shown in Fig. 5.9.
There is no significant difference between conditions extruded at the same tem-
perature. YCS and UCS are higher for Ex350 conditions. It is probably related
to the grain boundary strengthening (Hall-Petch relation) and higher content of
the deformed non-recrystallized grains with potentially high dislocation density.
Compressive stress-strain curve of Ex350-ER11 shows slightly sigmoidal charac-
ter (convex between ε = 0.06 and ε = 0.10). Such flow curve shape is related to
twinning. Microstructure of Ex350-ER11 contains large non-recrystallized grains.
These grains with a significant {101̄0} texture component have a low Schmid fac-
tor for a basal slip but with the c-axis perpendicular to applied stress are ideally
oriented for {101̄2} twinning in compression [75,76].

Figure 5.9: Compressive stress-strain diagrams of extruded Mg-4Y-4Gd-2Ca.
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Tensile stress-strain curves are shown in Fig. 5.10. As in the case of compressive
tests, Ex350 conditions exhibit higher YTS and UTS. YTS matches within the
error YCS except Ex350-ER11 condition, which is slightly higher. It is caused
by a higher fraction of grains orientated with c-axis perpendicular to the applied
load and thus not preferred for basal slip or twinning in tension. Tensile stress-
strain curves show sigmoidal character (except Ex400-ER11), with Ex400-ER25
being the most distinct. This is consistent with the texture analysis, see Fig. 5.7,
where the {0001} texture component suitable for tensile twinning is present in
both Ex400 conditions, while it is strongest in the condition Ex400-ER25. The
values of YTS (YCS) and UTS (UCS) are shown in Tab. 5.1.

Figure 5.10: Tensile stress-strain diagrams of extruded Mg-4Y-4Gd-2Ca.
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Microhardness measurements

It is clear from the microhardness maps shown in Fig. 5.11 that the microhardness
is not homogeneous over the whole cross-section. For each condition, microhard-
ness values are lower in the center of samples even in the completely recrystallized
Ex400-ER25. It has been proven that during extrusion, the material flow veloc-
ity is not the same for all locations in cross-section. At the interface extruded
material-die, the flow rate is lower due to friction effects [77]. This results in
strain accumulation, which leads to an increase in dislocation density which pro-
motes recrystallization. This eventually leads to a smaller grain size [78]. The
average values of microhardness are stated in Tab. 5.1.

Figure 5.11: Microhardness maps of extruded Mg-4Y-4Gd-2Ca.

Material YCS [MPa] UCS [MPa] YTS [MPa] UTS [MPa] HV
Ex350-ER11 244 ± 6 490 ± 11 257 ± 6 306 ± 7 91 ± 2
Ex350-ER25 246 ± 7 512 ± 13 242 ± 8 301 ± 9 94 ± 2
Ex400-ER11 220 ± 7 464 ± 14 220 ± 5 282 ± 8 86 ± 2
Ex400-ER25 207 ± 8 466 ± 15 205 ± 5 273 ± 7 86 ± 2

Table 5.1: Evaluated mechanical properties of Mg-4Y-4Gd-2Ca.
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5.2 Mg-2Y-2Gd-1Ca after extrusion

5.2.1 Secondary phase particles
Mg-2Y-2Gd-1Ca alloy was processed by extrusion at two different temperatures -
Ex300 and Ex350 using two different extrusion ratios ER11 and ER25. No differ-
ences in the precipitation microstructure were observed for individual conditions.
Therefore only SEM micrographs of Ex300-ER11 (Fig. 5.12) and TEM micro-
graphs of Ex350-ER11 (Fig. 5.13) are shown. Secondary phases were determined
based on local chemical analysis using EDS and electron diffraction.

Mg2Ca precipitates

The Mg2Ca particles are aligned in the direction of extrusion, see Fig. 5.12 (a)
as already observed in other alloys processed by extrusion [79,80] and in Mg-4Y-
4Gd-2Ca (Fig. 5.1 (a)). Large particles (∼3 µm) of Mg2Ca phase were observed,
see Fig. 5.12 (b), Fig. 5.13 (b). Smaller incoherent Mg2Ca particles were ob-
served by TEM (Fig. 5.13 (b)) as well as coherent ones within the grains, see
Fig 5.13 (a). Although Mg-2Y-2Gd-1Ca alloy contains lower concentration of Ca,
a large number of precipitates forms due to the limited solubility of Ca in the Mg
matrix [68,69].

REH2 precipitates

A small amount of particles rich in RE-metals were observed (Fig. 5.12 (b), Fig.
5.13 (b)). Specifically, REH2 with different content of Y and Gd in individual
particles. No other particles containing RE metals were observed, although the
presence of small amounts (e.g., Mg5RE) cannot be excluded. Similarly to the
Mg-4Y-4Gd-2Ca alloy, most Y and Gd atoms are dissolved in the Mg matrix.
Due to the half concentration of these elements, a smaller amount of particles
containing these atoms precipitated during the extrusion process and subsequent
cooling.

Figure 5.12: SEM micrographs of extruded Mg-2Y-2Gd-1Ca.
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Figure 5.13: TEM micrographs of extruded Mg-2Y-2Gd-1Ca showing (a) tiny
Mg2Ca coherent precipitates (b) Mg2Ca incoherent precipitates, and REH2 par-
ticle.
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5.2.2 Grain microstructure
IPF maps measured in TS are shown in Fig. 5.14. Microstructure of ER11 condi-
tions is bimodal with a high fraction of non-recrystallized large grains surrounded
by small recrystallized ones. These recrystallized grains are smaller for Ex300-
ER11 (1.7 µm) than for Ex350-ER11 (2.2 µm). The microstructure of both ER25
conditions is bimodal. Despite the lower temperature of extrusion, the portion
of recrystallized grains is higher in Ex300-ER25 than Ex350-ER25. Similarly
to the ER11 conditions, the recrystallized grain size increases with increasing
temperature (2.0 µm and 2.8 µm).

Figure 5.14: IPF orientation maps of extruded Mg-2Y-2Gd-1Ca measured in TS.
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EBSD maps measured in LS are shown in Fig. 5.15. Non-recrystallized grains
significantly elongated in the extrusion direction were observed in each condition.
The largest fraction of elongated non-recrystallized grains is in the ER11 condi-
tions, which corresponds to the measurement in TS. Although non-recrystallized
grains were present in a small amount in Ex300-ER25 TS, their fraction is higher
in the IPF map measured in LS. These grains may seem small in cross-section,
but they may be hundreds of micrometers long in the direction parallel to the
extrusion direction.

Figure 5.15: IPF orientation maps of extruded Mg-2Y-2Gd-1Ca measured in LS.
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EBSD was also measured in ES, see Fig. 5.16. The microstructure of ER11 con-
ditions is bimodal with a much higher fraction of recrystallized grains compared
to microstructure measured in TS. The size of the recrystallized grains is slightly
smaller in ES than in TS.

Figure 5.16: IPF orientation maps of extruded Mg-2Y-2Gd-1Ca measured in ES.
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5.2.3 Texture
Recrystallized grains

Fig. 5.17 shows pole figures of recrystallized grains measured in TS. Recrys-
tallized grains were selected based on grain size. The RE textural component
was observed in all conditions. In the Ex300-ER11 condition, the {101̄0} textu-
ral component passes continuously into the RE textural component. This phe-
nomenon can also be observed in other conditions. With the increasing fraction
of recrystallized grains decreases the intensity of the {101̄0} and increases the
intensity of the RE textural component.

Figure 5.17: Pole figures of recrystallized grains calculated from the EBSD data
measured in TS of extruded Mg-2Y-2Gd-1Ca.
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Non-recrystallized grains

The {101̄0} textural component typical for non-recrystallized grains of extruded
magnesium alloys is dominant for all conditions, see Fig. 5.18. For the Ex300-
ER25 condition, the pole figure is not shown due to the limited number of non-
recrystallized grains.

Figure 5.18: Pole figures and IPF maps of non-recrystallized grains calculated
from the EBSD data measured in TS of extruded Mg-2Y-2Gd-1Ca.
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5.2.4 Mechanical properties
Tensile and compressive tests

Compression stress-strain curves are shown in Fig. 5.19. Conditions extruded
at lower temperatures (Ex300) have higher YCS. The highest value of YCS is
achieved in the almost completely recrystallized Ex300-ER25 condition more-
over, a sharp yield point can be observed. This is probably due to twinning,
since a sharp yield point is not observed in the tensile test. In conditions with a
strong {101̄0} textural component (ER11 conditions), significant work hardening
occurred. Non-recrystallized grains are favourably oriented for {101̄2} twinning.
Twinning with low CRSS is activated first, resulting in a decrease in YCS. When
a large fraction of the grain volume is twinned, material significantly strengthens
because neither twins are favourably orientated for basal slip, reoriented approx-
imately about 86.3 ◦ relatively to their parent grains. As a result, Schmid factor
is very low for basal slip.

Figure 5.19: Compressive stress-strain diagrams of extruded Mg-2Y-2Gd-1Ca.
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Tensile stress-strain curves are shown in Fig. 5.20. There is a significant difference
between the studied conditions. Especially YTS of Ex300-ER25 is much higher
than that of other conditions. Contrary to compression tests, {101̄0} oriented
grains neither take part in twinning, nor are suitably oriented for basal slip.
Higher stress is required to activate other slip systems, resulting in higher YTS.
Grain boundary strengthening can play an important role. The values of YTS
(YCS) and UTS (UCS) are shown in Tab. 5.2.

Figure 5.20: Tensile stress-strain diagrams of extruded Mg-2Y-2Gd-1Ca.
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Microhardness measurements

The microhardness maps are shown in Fig. 5.21. In ER11 conditions, the micro-
hardness on the edge is higher than in the middle of the sample. This corresponds
to differences in microstructure at different locations in the sample. In the case
of Ex300-ER25, the microhardness is almost homogeneous despite the different
microstructure. Higher microhardness is not observed on the edge of the sample
of the Ex350-ER25 condition. Mean microhardness values are stated in Tab. 5.2.

Figure 5.21: Microhardness maps of extruded Mg-2Y-2Gd-1Ca.

Material YCS [MPa] UCS [MPa] YTS [MPa] UTS [MPa] HV
Ex300-ER11 231 ± 6 530 ± 12 292 ± 7 324 ± 8 80 ± 3
Ex300-ER25 259 ± 6 469 ± 11 362 ± 9 376 ± 10 79 ± 2
Ex350-ER11 199 ± 8 479 ± 11 248 ± 6 279 ± 7 75 ± 2
Ex350-ER25 207 ± 7 436 ± 9 219 ± 6 261 ± 6 75 ± 2

ECAP 315 ± 8 425 ± 12 303 ± 10 308 ± 10 92 ± 2

Table 5.2: Evaluated mechanical properties of Mg-2Y-2Gd-1Ca.
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5.3 Mg-2Y-2Gd-1Ca after ECAP

5.3.1 Secondary phase particles
Processing by ECAP led to presence of tiny precipitates with homogenous distri-
bution, see Fig. 5.22. REH2 particles were observed by SEM (Fig. 5.22 (a)) but
they are less abundant than tiny Mg5RE and Mg2Ca.
Fig. 5.23 shows TEM micrograph and EDS maps measured at the same area.
Based on electron diffraction patterns, calcium-rich particles were identified as
Mg2Ca, RE-rich particles as Mg5RE. They are only a few hundred nanometres in
diameter, and Mg2Ca are slightly larger than Mg5RE. A higher concentration of
RE elements in Mg2Ca particles and Ca in Mg5RE particles is evident from EDS
maps.
Unlike the extruded conditions, no coherent precipitates and no small precipitates
at the grain boundaries were observed. The lower temperature of the ECAP
process (during sixth to eighth pass) compared to the extrusion process and
especially the longer processing time led to the precipitation of Mg5RE particles.
Note that no Mg5RE particles were observed in the extruded Mg-2Y-2Gd-1Ca
alloy. Formation of the high density of Mg5RE precipitates was already observed
in WE43 alloy processed by ECAP [61].

Figure 5.22: SEM micrographs of ECAP condition.
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Figure 5.23: TEM micrograph of ECAP condition with diffraction patterns and
EDS maps.
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5.3.2 Grain microstructure
IPF maps measured in ZY and ZX planes (Fig. 5.25 (b)) are shown in Fig. 5.24.
Although the microstructure measured in ZY plane appears homogeneous with
equiaxed grains, it is evident from the IPF map measured in ZX plane that some
grains are elongated close to ECAP direction. These elongated grains have mostly
basal planes parallel to ECAP direction. The mean grain size calculated from
IPF map measured in ZY plane is 0.9 µm.

Figure 5.24: IPF orientation maps of ECAP condition measured in (a) ZY plane
and (b) ZX plane.
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5.3.3 Texture
Pole figure of ECAP condition calculated from the EBSD data measured in ZY
plane is shown in Fig. 5.25. There are three textural components. The most
intense one (denoted by A) has basal planes rotated by ∼55° from the processing
direction. Its formation is attributed to activation of the basal slip system re-
sulting in rotation of basal planes parallel to geometric slip plane in ECAP [81].
Small inclination in the Y direction is caused by rotation of the billet between
passes (route BC) [82]. Formation of this texture is typical in magnesium alloys
processed by ECAP following route BC [82–85].
Two other textural components (B and C) represent grains with a basal plane
parallel to the ECAP direction. It was proved in Ref. [82] that the textural
component denoted by B is associated with activation of the prismatic slip system,
and the component C is associated with activation of the {112̄2} ⟨112̄3̄⟩ pyramidal
slip system. Note that the fourfold symmetry is not associated with the square
cross-section of the ECAP die as these textural components were observed in
a magnesium alloy processed by ECAP with a circular cross-section [86].

Figure 5.25: Pole figure of ECAP condition calculated from the EBSD data
measured in TS (a) and the orientation of the sample for texture investigation
(b) [61].
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5.3.4 Mechanical properties
Tensile and compressive tests

Tensile and compressive stress-strain curves are shown in Fig. 5.26. Both curves
reach a similar yield strength value, but only in the compression curve, yield
elongation is present. This anisotropy was observed in another magnesium alloy
processed by ECAP with a similar texture [67]. The cause may be the abrupt
twinning after reaching sufficient stress. Due to twinning the length of the grains
in the direction of compression is reduced which results in the shortening in
the whole sample and the yield elongation (strain plateau). The formation of
yield point elongation in fine-grained magnesium alloys is described in detail in
Ref. [87].
It is clear that limited deformability was achieved in tension. This can be ex-
plained by the texture. At room temperature, CRSS of non-basal slip systems is
high, and the basal slip system does not provide elongation in the c-axis, which
is crucial to meeting the von Mises criterion. In the case of compression tests,
non-basal slip systems are partially replaced by {101̄2} twinning.

Figure 5.26: Compressive and tensile stress-strain diagram of ECAP condition.
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Microhardness measurements

Microhardness map of ECAP condition is shown in Fig. 5.27. The sample orien-
tation is the same as the orientation for texture investigation, see Fig. 5.25 (b).
The microhardness is not homogeneous over the entire cross-section, it is signifi-
cantly higher at the bottom edge. This may be due to the lower temperature at
the bottom of the ECAP die, as the heating device is only on the sides. Lower
processing temperature results in finer microstructure and improved mechanical
properties. Higher strain caused by the friction on the bottom of the processed
billet may also be the reason for the higher microhardness values [88]. The eval-
uated mechanical properties of ECAP condition are shown in Tab. 5.2

Figure 5.27: Microhardness map of ECAP condition.
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6. Discussion

6.1 Secondary phase particles
Three types of secondary phase particles were observed in the alloys studied in
this thesis - REH2, Mg2Ca, and Mg5RE.

REH2 precipitates

Particles of REH2 were present in all conditions and only a small number of them
was observed. They are easily recognized due to their square shape. Moreover,
they can be easily recognized in SEM thanks to the Z-contrast because of the high
atomic number. Hydrides are commonly present in the Mg-RE alloys already
after casting because of a high affinity of RE to H. They can also form during
mechanical polishing, which can cause more observed particles than there are
actually in the material [89]. However, they were observed in ion-polished samples
in TEM so their presence in the material is confirmed. In ECAP condition, the
presence was particularly rare. Therefore, it cannot be assumed that they would
affect the mechanical properties of the investigated alloys.

Mg2Ca precipitates

Mg2Ca particles were also observed in all conditions. In all extruded conditions,
they occurred in the form of large particles (micrometres in diameter) and in
the form of small incoherent and coherent precipitates (hundreds of nanometres
in diameter). Large particles are usually aggregated and aligned along extrusion
direction similarly to other alloys processed by extrusion [79,80,90]. These Mg2Ca
bands may contain a high density of crystal defects and even precracks [91].
Consequently, microcracks tend to generate within the Mg2Ca particle regions,
causing early failure of the alloys and decrease in their ductility [90].
Temperature of (Mg)+Mg2Ca ⇆ (Mg) phase transition was determined by DSC
measurement as ∼515 ◦C for both alloys. The temperature of solution anneal-
ing (480 ◦C), which preceded the extrusion, was not sufficient to dissolve large
Mg2Ca particles but, on the contrary, helped their growth. For the ECAP condi-
tion, DSC was measured first, and then the solution annealing temperature was
determined to be 525 ◦C. Subsequent quenching in water resulted in the forma-
tion of a supersaturated solid solution. Small particles of Mg2Ca observed in
ECAP condition formed during the ECAP process.

Mg5RE precipitates

Mg5RE precipitates were observed in ECAP condition and extruded Mg-4Y-4Gd-
2Ca alloy. The presence of Mg5RE in the extruded Mg-2Y-2Gd-1Ca alloy was not
confirmed, although very small amount of RE metal-rich particles were observed
in Ex300-ER11 by TEM.
Equilibrium phase diagrams of Mg-3Y-xGd and Mg-2Y-xGd are shown in Fig. 6.1.
Note that the actual composition of Mg-4Y-4Gd-2Ca alloy measured by EDS is
4.5 % Gd, 3.4 % Y and 2.6 % Ca, in wt. %. According to the phase diagram,
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Mg5RE particles form at temperatures lower than 430 ◦C in Mg-3Y-5Gd alloy,
which has a similar composition to the investigated Mg-4Y-4Gd-2Ca alloy. The
solvus temperature can be also affected by the presence of Ca however, the ex-
trusion temperature 350/400 ◦C was significantly lower and therefore, Mg5RE
particles precipitated during the extrusion process.
In the case of Mg-2Y-2Gd, the solvus temperature is 340 ◦C. It is less than
the extrusion temperature of Mg-2Y-2Gd-1Ca Ex350 conditions. This explains
why no Mg5RE particles were observed. The high density of these particles was
observed in ECAP condition, which was exposed to lower process temperatures
for much longer than extruded conditions.
The amount and size of precipitates depend on the temperature and time for
which the material is exposed. The larger the difference between the temperature
of the solvus and the processing temperature, the more favourable the given phase
is in terms of Gibbs free energy. On the other hand, with increasing temperature,
the diffusivity increases, which plays a crucial role in precipitation. Therefore, it
is not easy to determine a suitable temperature for the heat treatment in terms
of precipitation. The situation is also complicated because extrusion is a complex
process in which there are also nonequilibrium processes that do not follow the
equilibrium phase diagram.

Figure 6.1: Equilibrium phase diagrams of (a) Mg-3Y-xGd and (b) Mg-2Y-xGd
[92].

In the ECAP condition, particles play an important role both in precipitation
hardening and during the ECAP process. Fine distribution of small precipitates
inside the matrix can pin grain boundaries and hinder grain growth. Additionally,
due to the presence of particles, dislocations are generated and gathered, which
supports DRX. That results in the finer microstructure. RE-metal particles are
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ideal for this purpose because of the high thermal stability [4]. Enhanced mechan-
ical properties and ultrafine-grained microstructure was observed in magnesium
alloys containing RE metals elements processed by ECAP [61,83,93].

6.2 Grain microstructure
Using EBSD measurement, the effect of temperature and extrusion ratio on the
resulting microstructure was observed. The study was mainly focused on the
degree of recrystallization, the size of the recrystallized grains and homogeneity
within the extruded rods.

Degree of recrystallization

Fraction of recrystallized grains is influenced by extrusion temperature. In most
conditions, the fraction of recrystallized grains increases with increasing extrusion
temperature.
ER25 conditions show a higher fraction of recrystallized grains because the higher
ER (ER25) results in the higher strain which promotes recrystallization. Espe-
cially for the Mg-2Y-2Gd-1Ca alloy, the effect of ER is significant. A higher
fraction of recrystallized grains in alloys processed by extrusion with higher ER
has already been observed [94,95].
The only two fully recrystallized conditions studied in this work are Ex400-ER25
(Mg-4Y-4Gd-2Ca) and ECAP condition.

Grain size

The recrystallized grain size of different extruded conditions is shown in Fig. 6.2.
The size of the recrystallized grains increases with increasing extrusion tempera-
ture. Significantly larger grains can be observed in conditions extruded at 400 ◦C.
Increasing grain size with increasing processing temperature is expected in alloys
processed by extrusion [95–98].
The effect of ER on mean grain size is not definite. For Mg-4Y-4Gd-2Ca, the
grain size was reduced by increasing the extrusion ratio, while for Mg-2Y-2Gd-
1Ca the opposite trend can be observed. Higher ER results in higher strain and
consequent finer microstructure. On the other hand, higher ER may increase the
processing temperature, resulting in an increase in grain size. Both trends were
observed in magnesium alloys [94,98].
The grain size does not appear to be affected by the concentration of the alloying
elements, as the Ex350 conditions have a similar size of recrystallized grains. The
mean grain size measured in ES is the same or slightly lower than in TS. The
mean grain size of ECAP condition was only 0.9 µm. Alloys with an average
grain size below 1 µm are called ultrafine-grained (UFG) alloys.
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Figure 6.2: Mean recrystallized grain size of extruded conditions.

Homogeneity of the microstructure within the extruded rods

The microstructure is not homogeneous in most conditions. The fraction of re-
crystallized grains in ES is higher than in TS due to friction effects. From the
measured data, it is not possible to say whether a different microstructure char-
acterizes only a layer of a certain thickness or whether it is a gradient microstruc-
ture. In Ref. [78], 2 mm thick friction boundary layers were observed. Due to the
diameter of the extruded rod (6 mm - ER25), a large part of the material can be
affected by friction.

6.3 Texture
The texture was studied by EBSD for both recrystallized and non-recrystallized
grains. The study of texture using EBSD has limitations, as data are collected
on a limited number of grains.

Recrystallized grains

Recrystallized grains of all extruded conditions have RE textural component hav-
ing a c-axis rotated by ∼45° from the extrusion direction. This textural compo-
nent is weak for all conditions with a maximum intensity of 2.5 (Ex350-ER25
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Mg-2Y-2Gd-1Ca). The RE textural component appears to form gradually dur-
ing recrystallization. Conditions with a high fraction of non-recrystallized grains
show a texture close to {101̄0}. With an increasing fraction of recrystallized
grains, a fully developed RE textural component is formed. The orientation of
the recrystallized grains is affected by the orientation of the parent grains. It
has been reported that during discontinuous dynamic recrystallization (DDRX)
the new DDRXed grains adopted orientations close to that of the adjacent par-
ent grains. The mechanism of DDRX is characterized by nucleation and nucleus
growth by high angle boundary migration [99,100].
The origin of RE texture component is still under investigation. It has been
proven that RE-textured grains tend to nucleate at shear bands in the RE-
containing alloys. Non-RE alloys tend to recrystallize more from the interior
of the deformed grains. [70]. A mechanism involving boundary pinning can also
play an important role in restricting the preferential growth of grains with certain
orientations.
The addition of RE leads to grain refinement, which is consistent with the con-
sideration that the addition of RE hinders the growth of recrystallized grains.
This results in a weakening of the texture. A weaker texture leads to an increase
in ductility, but also to a decrease in yield and ultimate strength. The weakened
RE texture has a suitable grain orientation for basal slip and promotes additional
{101̄2} twinning [70].

Non-recrystallized grains

All conditions containing non-recrystallized grains have strong {101̄0} texture.
They are not fibre components according to the pole figures, which is probably
a consequence of local texture measurement by EBSD. The texture of the non-
recrystallized grains may vary depending on the position in the extruded rod.
Strong fibre {101̄0} texture is typical for non-recrystallized grains of extruded
magnesium alloys [73, 74].
Four different types of texture were described in extruded magnesium alloys,
where the basal planes are parallel to the direction of extrusion. Beside fibre
{101̄0} texture, it is {112̄0} fibre and {101̄0}-{112̄0} double fibre texture as well
as non-fibre texture without specific crystallographic directions parallel to the
extrusion direction [71, 73, 74, 101–103]. All the mentioned textures can be part
of the textural evolution during the extrusion process, and it is suggested that
the final texture is related to extrusion parameters [71, 74,101,103].

ECAP condition

The ECAP condition has a texture typical for magnesium alloys processed by
ECAP using route BC . Strong component (intensity of 8.8) has basal planes ro-
tated by ∼55° from the processing direction. Small inclination in the Y direction
is caused by rotation of the billet between passes (route BC). Other two textural
components having basal planes parallel to processing direction were observed,
see Fig. 5.25. The formation of these components is attributed to the alignment
of the slip planes with the geometric slip plane during the ECAP process. Three
different components correspond to three different slip systems - basal, prismatic
and {112̄2} ⟨112̄3̄⟩ pyramidal slip system [82].
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6.4 Mechanical properties

6.4.1 Tensile and compressive tests
The evaluated tensile and compressive tests are shown in Fig. 6.3. For all extruded
conditions of Mg-4Y-4Gd-2Ca alloy, YTS and YCS values are almost the same
for the same condition. This is due to the RE textural component, which is
suitable for activation of the basal slip system. Thus, deformation by twinning
is limited. The only exception is semi-recrystallized condition Ex350-ER11 with
stronger {101̄0} textural component suitable for {101̄2} twinning.
Conditions extruded at 350 ◦C are stronger in all parameters than conditions
extruded at 400 ◦C. Material after extrusion at 400 ◦C is characterized by a
larger mean size of recrystallized grains. Thus, grain boundary strengthening
causes the higher strength. In addition, higher temperatures promote dynamic
recovery, which leads to lower dislocation densities. Therefore, work hardening
may also play an important role.
The conditions of the extruded alloy Mg-2Y-2Gd-1Ca are characterized by a
strong {101̄0} textural component which contributes to a significant anisotropy of
mechanical properties. This corresponds to the YTS and YCS values of extruded
Mg-2Y-2Gd-1Ca shown in Fig. 6.3. Most of the volume in conditions with a
strong {101̄0} textural component is not suitable for activation of the basal slip
system, but is suitably oriented for {101̄2} twinning in compression resulting
in significantly higher YTS than YCS. The claim of twinning activation during
compression tests also confirms the sigmoidal shape of stress-strain curves and
yield elongation in some conditions [87]. As in the case of Mg-4Y-4Gd-2Ca alloy,
the conditions extruded at a lower temperature are stronger. In addition, ER25
conditions have a higher YCS than ER11 conditions.

Figure 6.3: Evaluated tensile and compressive tests.

The ECAP condition is characterized by both high YTS and YCS (∼310 MPa).
The low anisotropy of mechanical properties is caused by the texture, which
consists of two weak components alowing {101̄2} twinning in compression. On
the other hand, ECAP condition almost does not strengthen, which has already
been observed for RE-containing magnesium alloy processed by ECAP [61]. A
combination of multiple strengthening mechanisms can cause the high values
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of YTS and YCS. Grain boundary strengthening probably plays an essential
role because of the small mean grain size (0.9 µm). Also, high density of small
precipitates was observed, so precipitation hardening can contribute to increased
strength. The dislocation density of conditions processed by several ECAP passes
(>5) is usually comparable to the extruded condition [20,104,105]. Therefore, it
cannot be assumed that work hardening would play a more significant role than
in extruded conditions.

6.4.2 Microhardness measurements
Mean Vickers microhardness values are shown in Fig. 6.4. The microhardness
values of the individual conditions are easier to compare than the values of ten-
sile/compressive tests because they are not so much affected by the texture. Dur-
ing indentation, deformation occurs in multiple directions.
Vickers microhardness values are higher for conditions extruded at lower temper-
atures, and they match within the error for ER11 and ER25. There is a significant
difference between the studied alloys. For instance, the difference in microhard-
ness between the alloys extruded at 350 ◦C is bigger than HV 20. This is probably
due to precipitation hardening, which is more significant for Mg-4Y-4Gd-2Ca due
to the higher concentration of alloying elements. ECAP condition is characterized
by a high microhardness (HV 92) compared to the extruded conditions of Mg-
2Y-2Gd-1Ca. This is probably due to the smaller grain size and higher density of
precipitates. Increased microhardness is typical for magnesium alloys processed
by ECAP [20,105–107].

Figure 6.4: Vickers microhardness values.

The microhardness is not homogeneous over the whole cross-section. The edge of
extruded rods is characterized by higher microhardness values in most conditions.
This can be caused by friction effects. Friction at the interface extruded alloy-die
causes a lower material flow rate than in the middle of the extruded rod. This
is associated with strain accumulation. It results in higher dislocation density
and finer microstructure [77, 78]. The same phenomenon can be observed in the
ECAP condition, in which, however, the flow distribution is different than in
extrusion [88]. Inhomogeneity of ECAP condition can be also caused by a lower

59



temperature at the bottom of the ECAP die, as the heaters are located only on
the sides.
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7. Conclusions
Non-flammable Mg-4Y-4Gd-2Ca and Mg-2Y-2Gd-1Ca alloys have been succsess-
fully prepared by extrusion using two extrusion temperatures and two extrusion
ratios (ER). In addition, ultrafine-grained condition of Mg-2Y-2Gd-1Ca alloy was
prepared by ECAP.

Characterization of the microstructure – secondary phases

• Mg2Ca, Mg5RE, and REH2 secondary phases were observed in Mg-4Y-
4Gd-2Ca alloy. Mg5RE precipitates have not been observed in extruded
Mg-2Y-2Gd-1Ca alloy.

• Extruded conditions are characterized by a large amount of Mg2Ca particles
in the form of large precipitates stretched in the extrusion direction as well
as in the form of submicrometer coherent and incoherent precipitates.

• Analysis of phase diagrams explained precipitation of secondary phase par-
ticles in conditions processed at different temperatures.

• ECAP condition is characterized by a dense precipitation structure contain-
ing submicrometer Mg2Ca and Mg5RE.

Characterization of the microstructure – recrystallization and grain
sizes

• The microstructure of extruded conditions was bimodal containing large
elongated non-recrystallized and small equiaxed recrystallized grains. Only
Ex400-ER25 condition of Mg-4Y-4Gd-2Ca was fully-recrystallized.

• Increasing extrusion ratio resulted in higher fraction of recrystallized grains.

• Higher extrusion temperature led to a larger size of recrystallized grains.

• Severe plastic deformation by eight passes of ECAP led to homogenous
fully-recrystallized microstructure with the mean grain size of 0.9 µm.

Characterization of the texture

• The non-recrystallized grains are characterized by a strong {101̄0} texture
component common for all Mg alloys after extrusion.

• Recrystallized grains have a weak texture component having a c-axis ro-
tated by ∼45° from the extrusion direction, which is typical for rare-earth
containing Mg alloys (RE texture).

• Texture of ECAP condition consists of three component corresponding to
the activation of three different slip systems: basal, prismatic and {112̄2}
⟨112̄3̄⟩ pyramidal slip system.

61



Mechanical properties

• The texture significantly affected the mechanical properties. The condi-
tions with the high fraction of non-recrystallized grains are characterized by
anisotropy of mechanical properties due to the suitable texture for {101̄2}
twinning in compression.

• Higher concentration of alloying elements in Mg-4Y-4Gd-2Ca alloy, as well
as higher extrusion temperatures, led to increase in microhardness values.

• Processing by ECAP led to enhanced mechanical properties with yield
strength over 300 MPa in tension and compression. The weak anisotropy
of mechanical properties is caused by weak textural components allowing
twinning in compression. Also, high Vickers microhardness was achieved
(HV 92).

The developed and analysed microstructural condition resulted in favourable me-
chanical properties. The studied alloys are therefore promising for the application
in aerospace industry.
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[12] K. Illková. Influence of solid solution elements and precipitate formation
on the mechanical behaviour of magnesium alloys. Univerzita Karlova,
Matematicko-fyzikálńı fakulta, 2013.
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J. Kubásek. Texture hardening observed in Mg–Zn–Nd alloy processed
by equal-channel angular pressing (ECAP). Metals, 10(1):35, 2020.

[68] H. Vosskühler. The phase diagram of magnesium-rich Mg-Ca alloys.
Zeitschrift für Metallkunde, 29:236–237, 1937.

[69] E.C. Burke. Solid solubility of calcium in magnesium. JOM-Journal of the
Minerals, Metals and Materials Society, 7(2):285–286, 1955.

[70] N. Stanford and M.R. Barnett. The origin of “rare earth” texture de-
velopment in extruded Mg-based alloys and its effect on tensile ductility.
Materials Science and Engineering: A, 496(1-2):399–408, 2008.

67

https://en.wikipedia.org/wiki/Scanning_electron_microscope#Detection_of_secondary_electrons
https://en.wikipedia.org/wiki/Scanning_electron_microscope#Detection_of_secondary_electrons
https://en.wikipedia.org/wiki/Scanning_electron_microscope#Detection_of_secondary_electrons
https://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=kikuch%i20pattern&fbclid=IwAR1NG-qu765W16AIOnmHeO3cFfUVb8LhPaFXVMwTZWUqLUl1oXQd64j_7fo
https://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=kikuch%i20pattern&fbclid=IwAR1NG-qu765W16AIOnmHeO3cFfUVb8LhPaFXVMwTZWUqLUl1oXQd64j_7fo
https://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=kikuch%i20pattern&fbclid=IwAR1NG-qu765W16AIOnmHeO3cFfUVb8LhPaFXVMwTZWUqLUl1oXQd64j_7fo
http://www.ebsd.com/17-ebsd-applications/ebsd-gallery
http://www.ebsd.com/17-ebsd-applications/ebsd-gallery
https://www.scienceabc.com/pure-sciences/what-is-ultimate-tensile-strength.html
https://www.scienceabc.com/pure-sciences/what-is-ultimate-tensile-strength.html
https://www.sciencedirect.com/topics/materials-science/microhardness-testing
https://www.sciencedirect.com/topics/materials-science/microhardness-testing
https://www.netzsch-thermal-analysis.com/en/landing-pages/principle-of-a-heat-flux-dsc/
https://www.netzsch-thermal-analysis.com/en/landing-pages/principle-of-a-heat-flux-dsc/


[71] J. Bohlen, S. Yi, D. Letzig, and K.U. Kainer. Effect of rare earth elements on
the microstructure and texture development in magnesium–manganese al-
loys during extrusion. Materials Science and Engineering: A, 527(26):7092–
7098, 2010.

[72] S. Asqardoust, A.Z. Hanzaki, H.R. Abedi, T. Krajňák, and P. Minárik.
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[105] J. Vrátná. Physical properties of ultrafine-grained polycrystals of magne-
sium based alloys. Univerzita Karlova, Matematicko-fyzikálńı fakulta, 2010.
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