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Abstract: This thesis in focused on revealing deformation mechanisms resulting in
high-strength and moderate elongation of the Mgo7.94Zn0.56Y 1.5 (at. %) alloys prepared
by rapidly solidified ribbon consolidation technique. The processing method alongside
with low alloying content results a fine-grained microstructure with Zn- and Y-rich
stacking faults formed in the basal planes. In addition, the extruded from cast ingot
alloys of the same composition, characterized by homogeneous microstructure with
large gains and presence of long-period stacking order (LPSO) phase have been used
as a reference material. The latter alloys are showing better ductility but lower strength
compared to the rapidly solidified ribbon consolidated alloys. Besides, the effect of
extrusion ram speed on microstructure and resulting mechanical properties is
addressed. Microstructure observations has been performed using light and scanning
electron microscopy. Lower values of yield strength in tension compared to that in
compression motivated further detailed investigation using advanced technique. Thus,
in-situ synchrotron X-ray diffraction method has been employed for analysis of the
deformation mechanisms, indicating the activation of non-basal slip systems alongside
the primary basal slip system, with negligible twinning. Moreover, particular attention
has been paid to revealing background mechanisms leading to yield point
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Abstrakt: Tato prace se zaméfuje na odhaleni mechanismt deformace vedoucich k
vysoké pevnosti a zaroven zlepSenou tvarovatelnost Mgo7.04Znos6Y 1.5 (at. %) slitin,
pfipravenych technikou rychlé solidifikace. Zpisob zpracovani a pouziti slitin s
nizkym obsahem legujicich prvkil vede k formovani jemnozrnné mikrostruktute s Zn-
a Y- vrstvovymi chybami v bazalnich rovinach. Kromé toho byly jako referencni
material pouzity odlévané a pak extrudované slitiny stejného slozeni, které maji
homogenni mikrostrukturu s vétsim zrnem a ptitomnosti faze s dlouhoperiodickym
uspofadanim (angl. LPSO). Tyto slitiny vykazuji vyssi taznost, ale niz$i pevnost ve
srovnani se slitinami pfipravenymi rychlou solidifikace. V rdmci prace byl také
studovan vliv rychlosti extruze na mikrostrukturu a vysledné mechanické vlastnosti.
Pozorovéani mikrostruktury bylo provedeno pomoci svételné a skenovaci elektronoveé
mikroskopie. NiZ§i hodnoty mezi kluzu pfi tahovém zatéZovani ve srovnani s tlakovym
zatizenim podnitily dalsi detailni zkoumani pomoci modernich a pokroc¢ilych technik.
Byla proto vyuzita metoda in-situ synchrotronové rentgenové difrakce pro analyzu
mechanismi deformace. Vysledky poukézali na aktivaci nebazalnich skluzovych
systému vedle priméarniho bazalniho skluzového systému, s nepatrnym vyskytovanim
dvojcateni. Kromé toho byla vénovana zvlastni pozornost odhaleni pozadi
mechanismt vedoucich k fenoménu mezniho bodu kluzu (angl. yield point

phenomenon).

Kli¢ova slova: hot¢ikové slitiny, mikrostruktura, mechanické vlastnosti, rentgenova
difrakce
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Introduction

Nowadays, the demand in automotive and aircraft industries for lightweight
materials is greater than ever. The main goal is to fabricate weight reduced,
environmentally friendly, cheap and certainly safe vehicles. Stating the obvious, the
lighter vehicles have smaller fuel consumption, thus reduces the CO2 emission. It was
reported that reducing the weight of the vehicles by 10% results in reduced fuel
consumption by approximately 5 % [1]. Magnesium alloys are a great candidate
because of the low density and high strength-to-weight ratio [2]. Although magnesium
does not occur in nature in the metallic form, commercial amounts of magnesium ores
are found worldwide. Magnesium is the eighth most abundant element is the Earth’s
crust, making up 13% of the planet’s mass [3]. Also, for recycling only 5% of the
energy used for production is required. By 1900, worldwide production of magnesium
had reached only 10 tonnes per year this number increased to more than 30 000 tonnes
per year by 1939 [4]. In mass production it was first used by Volkswagen in the 1930s.
In the model Beetle the magnesium cast parts weighted a total of 17 kg, which was
said to represent a savings of 50 kg when compared with cast iron [4]. Moreover, the
biocompatibility of magnesium (the value of Young modulus is close to one for the
bones) further encourages its advancement as a biomaterial for implants. On the other
hand, their application is limited due to low formability, low yield strength and
unstable corrosion behaviour. Some of these disadvantages can be reduced by alloying
elements. The recently developed Mg-Zn-Y -based alloys gained significant attention
because of their excellent mechanical properties at room and elevated temperature
compared to conventional alloys [5,6]. In general, the prominent mechanical properties
of these alloys are obtained thanks to the coexistence of the fine recrystalized and
coarse worked grains [7]. Further, modern processing techniques, such as rapidly
solidified ribbon consolidation, were found to be beneficial for developing novel
magnesium alloys with even more enhanced properties.

This work is focused on revealing the active deformation mechanisms in high-
strength dilute Mg-Zn-Y-based alloys prepared by rapidly solidified ribbon

consolidation technique.



1. Theoretical background

1.1. Magnesium alloys and active deformation mechanisms

Magnesium (Mg) is one of the lightest metals. Pure Mg has a melting point at
650 °C under atmospheric pressure and density of 1.738 gcm™ [4]. This metal has a
hexagonal closed packed (hcp) crystal lattice with two parameters characterizing the
crystallographic structure - lattice parameters, a and c, see Figure 1.1. Parameter a
indicates the distance between two atoms in the basal plane, and c¢ is the distance
between two atoms perpendicular to the basal plane. In materials with an hcp structure

the plastic deformation strongly depends on the ratio c/a. The ideal value is c/a =
+/8/3 = 1.633, which is the closest configuration for hcp crystal structure with
perfectly spherical atoms. Pure Mg is characterized by value of 1.623, what is the

closest value to ideal one [8].

Figure 1.1. Hexagonal closed packed lattice [9].

In hep crystals the elementary plastic deformation mechanisms are dislocation
slip and twinning. Dislocation slip refers to the process by which dislocations move
through a crystal lattice. Dislocation is a line defect which can be categorized
depending on the direction of the shear stress to edge and screw dislocations (see
Figure 1.2.). An edge dislocation can be presented by inserting a half plane of atoms
in a perfect crystal lattice. The edge of this embedded half plane is the dislocation edge.
Screw dislocation can be imagined by cutting the crystal along the atomic plane and

moving one part parallel to the dislocation edge.



Figure 1.2. lllustration of (a) edge and (b) screw dislocation type [10].

A slip system describes the set of symmetrically identical slip planes and family
of slip directions where dislocations can move. The magnitude and the direction of slip
are represented by the Burgers vector. The main slip systems of materials with hcp

structure are following: basal, prismatic and pyramidal (Figure 1.3).
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Figure 1.3. The main slip systems in hcp metals: a) basal, b) prismatic, c) first order
pyramidal and d) second order pyramidal slip systems. The red arrows indicate

the <a> direction and the green one the <c+a> direction [11].

As has been mentioned above, the mechanisms of the plastic deformation
strongly depend on the ratio of the crystallographic axis c/a. Particularly, if c¢/a is
smaller than the ideal value, the atomic density of basal lattice planes decreases,
therefore the slip takes place primary in non-basal planes due to the lower activation

energy. This can be observed for titanium and zirconium and their alloys. On the



contrary, if ¢/a is larger than the ideal value the slip takes place primary in the basal
plane. This is characteristic for zinc and cadmium. In case of Mg, the ¢/a ratio is close
to the ideal value, therefore besides primary basal (0001) slip, the prismatic {10-10}
and pyramidal first order {10-11} slip in the directions <11-20> (the so-called <a>
type slip systems) can be activated [12]. However, according to the von Mises
criterion, for a homogeneous plastic deformation of the polycrystalline materials, at
least 5 independent slip systems are required [13]. Therefore, to fulfil the von Mises
criterion additional slip system needs to be activated in Mg and its alloys. The
deformation along <c> axis is achievable by the activation of second order pyramidal
slip system {11-22} in the direction <11-23> (<c+a> type slip system) or by twinning
mechanism. The most common twinning mechanism in Mg alloys is the so-called
extension twinning, which is activated when external compression loading applied
perpendicular to c-axis, and newly created fraction (twin) is characterised by

misorientation of 86° with respect to the original lattice [14].

The activation of slip systems is strongly orientation dependent. This fact was
firstly characterized by Schmid [15]. A slip occurs on certain preferred planes

characterized by the highest Schmid factor (max value is 0.5), which is defined as
m = cos@QcosA, (1)

where ¢ is the angle between the loading axis and the normal to slip plane and A is the

angle between the loading axis and the slip direction, see Figure 1.4.

Slip plane normal F

Slip plang -
: Slip direction

Figure 1.4. Illustration of the dislocation slip in a crystal [§].



From equation (1) it is obvious that when the particular plane is parallel to the
loading axis, the Schmid factor is 0. Therefore, if the basal plane is almost parallel to
the loading axis, the Schmid factor is close to 0 and deformation can hardly proceed
by basal slip. In this case, deformation is realized by twinning or by slip on non-basal
planes, when required critical resolved shear stress (CRSS) for the given slip system
is achieved. It should be also noted, that CRSS for basal slip is lowest within possible
slip systems in Mg alloys, whereas significantly higher stress must be applied for the
activation of prismatic and pyramidal slip systems compared to the basal slip or

twinning activation.

1.2. High-strength Mg-Zn-Y -based alloys

Alloying elements are used for modifying microstructure and thus resulting
properties of the pure Mg. By adding the appropriate elements - for example rare earth
elements - strength, elastic modulus and corrosion resistance can be improved.
Particularly, the recently developed Mg-Zn-Y alloys have outstanding mechanical
properties because of the coexistence of long-period stacking order (LPSO) phase,
dynamically recrystalized (DRX) and coarse non-DRX a-Mg grains [7,16]. The fine
DRX grains support the ductility, and the coarse non-DRX grains contribute to the
strength together with the LPSO phase [7]. The LPSO phase has interesting impact on
the performance of the alloys. Presence of the LPSO phase leads to suppression of
twinning activity, while another deformation mechanism — kinking — can be activated
in LPSO fractions contributing to strengthening of the alloy. Thus, higher volume

fraction of the LPSO phase yields higher strength [8, 16].

At the same time, to obtain better mechanical properties for practical use,
modern processing techniques have been developed. For example, application of
rapidly solidified ribbon consolidation (RSRC) technique for dilute Mg-Zn-Y alloys
(i.e. with the low amount of alloying elements) led to formation ultrafine grained
microstructure with dispersed solute segregated staking faults (SFs) and/or cluster
arranged layers (CALs) of solute-enriched SFs in a-Mg matrix instead of complete
LPSO phase [17, 18, 19]. Developed microstructure is resulting in extremely high
yield strength with moderate elongation [5, 17].



2. Aims of the thesis

The main goal of this work is a thorough description of the active deformation
mechanisms in high-strength dilute Mg-Zn-Y-based alloys prepared by a RSRC
technique. A comprehensive characterization of the microstructure development
required to genuine understanding of deformation mechanisms will be performed
using advanced experimental methods, such as in-situ synchrotron X-ray diffraction
and scanning electron microscopy. To achieve the main goal, the following particular

tasks have to be accomplished:

e (Characterization of the initial microstructure and texture of the Mgo7.94Zn0.56Y 1.5
alloys with respect to the processing technique (RSRC vs hot extrusion) and its
parameter (extrusion ram speed).

e Analysis of the mechanical properties of the investigated alloys with respect to
microstructure given by processing technique.

e Revealing of the active deformation mechanism during tension of high-strength

dilute RSRC alloy using in-situ synchrotron X-ray diffraction.



3. Material and experimental methods

3.1. Investigated alloys

For the purpose of this work, the Mgo7.94Zn056Y 1.5 (at. %) alloy was prepared
by gravity casting in an Ar atmosphere. To ensure the best possible corrosion
resistance the ratio of Y/Zn amount was set to 2.66 according to [20]. Considering
economic reasons and biocompatibility of developed alloys, the composition with
reduced amount of alloying elements (up to 1.5 at. %) has been selected. The RS
ribbons were prepared by a single roller liquid quenching melt-spinning method [15]
at a roll peripheral speed of 42 m/s and a cooling rate of 1.4-10° K/s. Afterwards, the
RS ribbons were consolidated by following procedure: cold compacting into a copper
billet (with an applied pressing stress of about 25 MPa), degassing at 523 K for 15
min, and extrusion with extrusion ratio R10 at 623 K and extrusion ram speed of 5.0
mm/s and 6.7 mm/s, hereafter RS 5.0 and RS 6.7, respectively. To reveal the effect of
the microstructure given by the processing on mechanical properties, the alloy with
the same composition (Mgoy7.94Znos56Y 15 (at. %)) was produced by hot extrusion
directly from gravity cast ingot with the same extrusion ratio and ram speed of 5.0 and
6.7 mm/s (hereafter CE 5.0 and CE 6.7, respectively) and subjected to further

investigation.

3.2. Light microscopy

The microstructure of the investigated materials was studied by light
microscopy (LM) using the Olympus GX51 microscope. For microstructure
observation, the alloys were cut by the BRILLANT 220 QATM cut-off machine to get
samples representing the cross- and longitudinal sections of the extruded bar, i.e.,
perpendicular (hereafter, cross section) and along the extrusion direction (ED),
respectively. Samples were manually ground on SiC papers and then using diamond
pasted with a size down to 0.25 pum for the purpose of getting a smooth surface. In
order to reveal grain boundaries, polished surfaces were etched in a solution of 50 ml

ethanol, 9 ml water, 4 ml acetic acid, and 6 g picric acid for approximately 10 s.



3.3. Scanning electron microscopy

More detailed investigation of the microstructure with higher resolution was
performed by scanning electron microscopy (SEM) using Quanta FEI 200 FEG,
Apreo 2 Thermofisher and Zeiss Auriga Compact microscopes. Backscattered
electrons (BSE) are used to reveal presence and distribution of solute-enriched SFs
and CALs, because they are sensitive to the atomic number of the nuclei they scatter
from. Heavy elements scatter electron more likely than lighter elements (e.g., Zn and
Y in contrast to Mg), therefore in BSE images they have brighter contrast. The electron
back-scattered diffraction (EBSD) method was used reveal the size and orientation of
the grains. Orientation maps were collected with a step of 0.3 um (CE samples) and
40 nm (RS samples) and an acceleration voltage of 15 kV. The maps were evaluated
with the OIM software. Before investigating, the samples were manually polished
using SiC papers and diamond pastes, followed by polishing with argon ions for 1 hour

in Leica EM RES102.

The EBSD map displays only a small area of the investigated alloy. Thus, to
represent the texture of the material, large scan should be obtained from several areas.
To avoid this, the textures of the alloys were calculated from the diffraction data, which
reveals information from larger volume, therefore obtained results are more reliable.
The textures of the materials were calculated using python’s LMFIT library.
Afterwards the inverse pole figures (IPF) were plotted using MATLAB software’s
MTEX toolbox [21].

3.4. Deformation tests

Mechanical properties of the investigated alloy were studied in tension and
compression at RT with a constant strain rate of 5-10* s™! using the Instron 5882
universal testing machine. For tensile tests, samples with a gauge length of 24 mm, a
diameter of 4 mm, and screw heads on both ends were machined from the as-received
bars parallel to ED. For compression tests, cylindrical samples with a height of 10 mm,

a diameter of 5 mm were machined from the as-received bars parallel to ED.



3.5. In-situ synchrotron X-ray diffraction

X-ray diffraction is a powerful method revealing the microstructure and the
deformation properties of materials. X-rays generated by synchrotron are more intense
than the laboratory sources, therefore their usage is preferrable at analysing of the
microstructure when acquisition time is critically important, e.g. during mechanical

loading.

The basic principle of the X-ray technique is that the incident beam diffracts

on the periodically spaced lattice planes according to the Bragg’s law:

A = 2dpysin(Opy), (2)

where A is the wavelength of the X-Rays, dj; is the lattice spacing (distance between
neighbour atomic spaces) with indices h, k, [, and 0y, is the Bragg angle between the
incident wave and the atomic plane where the diffraction takes place. Diffraction
provides information only from the planes which are perpendicular to the diffraction

vector g which is defined by
q=ko—k (3)

where kj is the initial wave vector and k is the diffracted vector (see Figure 3.1).

. — - o — o »
ko ] k d
g W
L &
sin g .
q
L L L ——®

Figure 3.1. Bragg’s diffraction on periodically spaced planes [22].

If the incident wave is monochromatic, the d-spacing can be calculated from

the positions of the diffraction peaks using Bragg’s law. During deformation, a change



in the lattice spacing can take place. This causes a shift of the diffraction peak positions

in the diffractogram. From this shift, the lattice strain €5, can be calculated as

dhkl - d(),hkl

, “4)

Ehkl =
do,nil

where dpy; is the lattice spacing for a plane with the given Miller indices when the
crystal is under deformation and d , 1s the planar spacing for a crystal in initial state.

In order to follow microstructure development during mechanical loading and
reveal active deformation mechanisms, the in-situ synchrotron diffraction
measurements during tensile loading at RT with a constant strain rate of 5-10™* s were
carried out on the PO7- HEMS (High Energy Materials Science) beamline of Petra I11
at DESY (Deutsches Electronen-Synchrotron), Hamburg, Germany. The experimental

setup is shown in Figure 3.2.

Axial dir. ¢ = 90°

Tensile loading K
2Theta

fTo

:I Sample Beam stop

~ Diffraction ring
Two-dimensional detector

e

Azimuthal angle, |

Synchrotron X-ray beam

Radial dir. ¢ = 0°

Figure 3.2. The experimental setup for the in-situ diffraction measurements during

deformation tests. \ is the azimuthal angle [23].

A monochromatic X-ray beam with a wavelength of A =0.12584A
(E = 98.5 keV) was used. The diffraction patterns were recorded by a Perkin-Elmer
XRD 1622 detector with an array of 2048 pixels. The effective pixel size was
200 x 200 pm?. To calibrate the diffraction spectra a LaB6 standard sample was used.
The distance between the sample and detector was set to 1621 mm. The measured

Debye-Scherrer rings were azimuthally integrated using a Python library pyFAI [24]
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in order to obtain the diffraction data. Afterward, in order to determine the peak
positions and other important parameters, the acquired data in axial direction were
fitted using python’s LMFIT library with Voigt functions [25]. For the next data
evaluation and for presenting the obtained results, the OriginPro software was used.
The elastic (lattice) strain was calculated by the relative shifts in the peak positions as
it was mentioned before. Inserting equation (2) to equation (4) the elastic strain can be

expressed as

c _ Sin(eo'hkl) _
M sin(Bp)

1, 4.1)
where the angles 6 px; and 6y, are the diffraction angle of the 4kl plane in the stressed

and stress-free crystal as has been mentioned above.

4. Results
4.1. Characterization of the initial microstructure

The initial microstructure was investigated by a LM and SEM. In order to
reveal microstructure with respect to geometry of the sample, the images were taken
at cross and longitudinal sections, i.e., perpendicular and along ED. Particularly, the
images obtained by LM were obtained only from the longitudinal sections (Figures 4.1
- 4.2), while BSE images were obtained in both directions (Figures 4.3- 4.4). Figure
4.1 indicates that, independently on extrusion speed, the CE samples are characterized
by homogeneous microstructure with the LPSO phase fractions elongated in ED. At
the same time, the RS alloys are characterized by a bimodal microstructure with fine

DRX grains and coarse non-DRX grains elongated in ED, see Figure 4.2.
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Figure 4.1. The initial microstructure of the (a) CE 5.0 and (b) CE 6.7 alloys obtained
by LM. ED is horizontal. The LPSO phase is marked by red arrows.

Figure 4.2. The initial microstructure of the (a) RS 5.0 and (b) RS 6.7 alloys obtained
by LM. ED is horizontal. Non-DRX grains are marked by yellow arrows.

The BSE images, presented in Figures 4.3-4.4, support main tendencies
regarding microstructure characteristic revealed by LM. Moreover, the brighter
contrast of BSE images indicates the enrichment by Zn and Y elements, because of the
higher atomic weight than the Mg. The darker contrast corresponds to the Mg matrix.
Therefore, brighter contrast of larger fractions in Figure 4.3 confirms presence of the
LPSO phase in CE samples. Majority of LPSO fractions is formed at the grain
boundaries and is elongated along ED. In case of RS samples (Figure 4.4), the enriched

12



fractions are significantly smaller comparing to the LPSO phase in the CE alloys. In
contrast to the LPSO phase formed at the grain boundaries in the CE alloys, the solute
segregated SFs and/or CALs formed from solute-enriched SFs are dispersed in the
interior of the DRX a-Mg grains of RS alloys, as can be seen in Figure 4.4. There is
no orientation alignment of SFs and/or CALs with respect to the sample geometry. No

significant difference in the microstructure with respect to variation in the extrusion

speed has been observed in both the CE and RS alloys.

Figure 4.3. BSE images of the (a,c) CE 5.0 and (b,d) CE 6.7 samples in longitudinal

and cross section, respectively.



Figure 4.4. BSE images of the (a,c) RS 5.0 and (b,d) RS 6.7 samples in longitudinal

and cross section, respectively.

The orientation EBSD maps for all investigated alloys are presented in
Figures 4.5 - 4.6. Only the points with confidence index (CI) > 0.1 are shown,
therefore the black areas correspond to the areas where the software cannot properly
analyse the obtained Kikuchi diffraction patterns. In case of CE samples, these areas
correspond to LPSO fractions visible in BSE images, Figure 4.3. In case of the RS
samples, those areas are originated from the overlapping of diffraction patters from
few small grains because of large penetration depth of electron beam interacting with
these small grains. The average grain sizes of the investigated samples, determined

with the OIM software, are presented in Table 4.1.
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Table 4.1. Average grain size of the investigated alloys.

Extrusion ram speed 5.0 mm/s 6.7 mm/s
CE Mgy7.94Zn0.56Y 1.5 8.8 + 1.5 um 9 +3um
RS Mgo7.94Zn056Y 1.5 0.8 £ 0.2 pm 09+ 0.2 um

3 ED j 70 um -
L TS DA T

Figure 4.5. The orientation EBSD maps of the (a,c) CE 5.0 and (b,d) CE 6.7 samples

in longitudinal and cross section, respectively.
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CATF e AT
Figure 4.6. The orientation EBSD maps of the (a,c) RS 5.0 and (b,d) RS 6.7 samples

in longitudinal and cross section, respectively.

Moreover, using obtained EBSD maps, the Schmid factors analysis has been
performed, see Figure 4.7. The Schmid factors for the grains at the cross section was
calculated using the program OIM. It is obvious that in the case of CE alloys
(independently on extrusion speed), part of grains has favourable orientation for basal
slip (red-coloured grains in first column). In contrary, both RS alloys are characterized
by lower values of Schmid factor for basal slip (non-red coloured grains), while values
for prismatic and pyramidal slip are rather close to maximum value (represented by

red colour).

16



basal <a> prismatic <a> pyramidal <a>

Pal iy - &

Figure 4.7. Schmid factor analysis for activation of the basal <a>-, prismatic <a>-
and pyramidal <a>- slip systems for the CE 5.0, CE 6.7, RS 5.0 and RS 6.7 alloys.

ED is perpendicular to image plane.
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The texture of the investigated alloys recalculated from the X-ray diffraction
data are presented in Figure 4.8. All materials are characterized by so-called basal
texture with slightly higher intensity at [-1100] pole in the texture triangle. That means,
that majority of the grains have their basal plane oriented nearly parallel to ED.
However, the textures, independently on processing technique and extrusion ram
speed, are rather weak, having a maximum intensity of approximately 1.7 m.r.d.
(multiples of random density) for RS alloys and approximately 2 m.r.d. for the CE
alloys.

[-1100] [-1100]

[-1100]

)

[0001] [-12-10

[0001] [-12-10]

Figure 4.8. Texture triangles obtained by X-ray diffraction for the a) CE 5.0,
b) CE 6.7, ¢) RS 5.0 and d) RS 6.7 alloys. ED is perpendicular to the image plane.

As another way of presenting texture, the intensity developments of the
diffraction peaks as the function of azimuthal angle s at the beginning and at the end
of the deformation tests are presented in Figure 4.9. The { angle represents the tilt
from the loading direction (see Figure 3.2). Thus, the angle of 0° corresponds to the
radial direction (perpendicular to ED) and 90° to the axial direction (along ED).

Similarly to results presented in Figure 4.8, all four investigated alloys show a similar

18



texture, therefore texture in shape of angle distribution are presented only for RS 6.7
and CE 6.7 alloys: in the initial state in Figure 4.9 (a,c), and after tensile loading in
Figure 4.9 (b,d). It is obvious, that there is no significant change in the texture during
the deformation, as seen from Figure 4.9 (a,b) for CE 6.7 alloy and Figure 4.9 (c,d) in
case of the RS 6.7 alloy.

a) CE 6.7 initial b) CE 6.7 tensioned
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Figure 4.9. The intensity development of diffraction peaks as the function of the
azimuthal angle [ at the beginning (a,c) and at the end (b,d) of the tensile deformation
tests for the (a,b) CE 6.7 and (c,d) RS 6.7 alloys.

The (0002) peaks intensity is concentrated in the radial direction (green line
has high intensity at 0°) which indicates that the basal planes are oriented along ED.
Its intensity decreases with increasing angle. The (10-10) prismatic planes intensity

increases with increasing angle and have its maximum at the axial direction, which
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means that the majority of the (10-10) planes is aligned perpendicular to the loading
direction. The (10-11) diffraction peak has two maxima at 30° and 80° which
corresponds to the first order pyramidal plane. The (11-20) peak is more
homogeneously distributed comparing to (0002) and (10-10) planes with slightly
higher values at approximately 65°. The (10-12) and (10-13) diffraction peaks are

distributed homogenously with a slight decrease with increasing angle.

4.2. Mechanical properties

The mechanical properties of the investigated alloys have been revealed by
uniaxial tensile and compression tests. The stress-strain curves are presented in
Figure 4.10 and values of tensile and compression yield strength (TYS and CYS,
respectively) and their difference (A = |TYS — CYS|) are summarised in Table 4.2.

It is obvious, that RS alloys are characterized by high YS values in tension and
compression (over 360 MPa and 400 MPa, respectively), which are significantly
higher than TYS and CYS values for the CE alloys. Despite all investigated RS alloys
show lower ductility compared to the CE alloys, the elongation to fracture of RS alloys
still exceeds 10% of strain. In both types of processing (CE and RSRC) the higher

extrusion ram speed led to better ductility, what is more significant for CE alloys.

All ivestigated alloys are characterized by higher CYS than TYS values,
which is called a reverse tension-compression YS asymmetry (Table 4.2). However,
this asymmetry is more significant in case of the RS alloys comparing to the CE alloys.
Moreover, faster extrusion ram speed (6.7.mm/s) during RSRC processing leads to

reducing this asymmetry.

The tensile curves of CE alloys have a convex shape, while compression curve
is characterized by plateau after yielding and followed by hardening, i.e., so-called S-
shape is observed, which usually indicates twinning activity. In the case of the RS
alloys, after the linear elastic region the yield point (YP) phenomenon is observed
during both, tension and compression loading. After reaching the upper YP a drop in
the stress till the lower YP is present, which is followed by a plateau and necking
leading to the fracture of the sample. Thus, the TYS for the RS alloys equals to the
ultimate tensile strength (UTS). But in case of CE alloys, after reaching YS and
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plateau, the strain hardening is following, therefore the ultimate compression strength

is greater than the CYS values.
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Figure 4.10. The strain-stress curves for the investigated RS and CE alloys.

Tab. 4.2. The YS values for the investigated alloys.

Alloy TYS (MPa) CYS (MPa) A (MPa)
RS 5.0 369 + 3 436 +3 67 + 4
RS 6.7 366 + 3 408 + 3 42 + 4
CE 5.0 182 +5 206 +5 24 +7
CE 6.7 178 +5 197 +5 19 +7

It is obvious that in case of RS alloys, the values of TYS are smaller than for
CYS. Therefore, in order to improve TYS values, further investigations of the
deformation mechanisms during tensile loading, including background processes

leading to the YP phenomenon, are required.
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4.3. Diffraction measurements

In order to obtain detailed insight into microstructure development and thus,
active deformation mechanisms, the in-situ diffraction measurements were performed
during tensile loading of RS alloys (both RS 5.0 and RS 6.7). Data for CE alloys (both,
CE 5.0 and CE 6.7) are serving as a reference. The evolution of the lattice strain (LS)
in the axial direction as a function of engineering strain and stress are presented with

the deformation curves in Figures 4.11- 4.21.

In the case of CE alloys, the intensity of the (0002) plane in the axial direction
is nearly zero (see also Figure 4.9), therefore it is difficult to fit this peak. Considering
the evaluation error, the data related to this peak are not presented in the following
graphs. The LS evolution as a function of strain for CE 5.0 (Figure 4.11) indicate that
at the beginning of the loading, all LS follow a straight line. Then, still in
macroscopically elastic region (cf. the corresponding deformation curve plotted in Fig.
4.11), LS of the (10-13) and (10-12) peaks start to deviate from main trend, slightly
increasing in their values (note negative scale of the Y-axis) and shortly after yielding
persist constant till the end of the test. The LS evolution for the (10-11) peak exhibits
slight decrease in elastic part, followed by increasing till fracture. Similar tendency is
present for the (11-20) peak, but deviation starts at higher applied load. The LS
evolution for (10-10) does not show increase in values during the entire loading. In
order to estimate the activation stress for individual mechanisms, the LS developments
are also presented as a function of engineering stress (Figure 4.12). The linear response
of the diffraction peaks in CE 5.0 is valid till approximately 150 MPa where the planes
start to behave differently (Figure 4.12). Particularly, LSs of the (10-11), (10-12) and
(10-13) planes deviate from the linear response to positive values, followed by
constant character in case of the (10-11) and (10-12) peaks up to 240 MPa, and
changing into decreasing from 240 MPa till the end of the test. LS of both the (10-10)
and (11-20) peaks start to deviate to negative values at 150MPa, followed by
symmetrical split deviation at 160 MPa: LS of the (10-10) peak continue to decrease
during entire deformation test, while LS of the (11-20) peak remains constant from
170 MPa till 200 MPa and followed by the decrease in LS values. The CE 6.7 alloy is
characterized by similar behaviour with more abrupt growth in the lattice strain at 175

MPa for the (10-11), (10-12) and (10-13) peaks, see Figures 4.13-14.
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Figure 4.11. The macroscopic strain-stress curve and the axial lattice strains as a

function of engineering strain for the CE 5.0 alloy.
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Figure 4.12. The macroscopic stress-strain curve and the axial lattice strains as a

function of stress for the CE 5.0 alloy.
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Figure 4.13. The macroscopic strain-stress curve and the axial lattice strains as a

function of engineering strain for the CE 6.7 alloy.
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function of stress for the CE 6.7 material.
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The results of the in-situ synchrotron diffraction measurements for the RS
alloys are presented in Figures 4.15-18. Moreover, for better visibility the stress-LS

curves zoomed at the YP area are depicted in Figure 4.19.

Figures 4.15 and 4.17 indicate that independently on extrusion speed, the LS
evolutions for the RS alloys correspond to the macroscopic curves, i.e. LSs of all
planes are characterized by a similar tendencies copying the shape of the macroscopic
curve. The slight linear deviation of the LS for (0002) plane from the ideal elastic
response from the beginning of the test (Figures 4.16 and 4.18) can be explained by
low intensity and higher evaluation error comparing to that for LS of other peaks. (The
LS evolution of (10-11) peak is not presented for RS 6.7 because of the high error in
fitting.) The LS evolution plotted against macroscopic strain (Figures 4.15 and 4.17)
with a closer look around YP (enlarged images in Figures 4.15 and 4.17) indicate that
all of the planes are showing a decrease in LS till the upper YP (369 MPa for RS 5.0
and 366 MPa for RS 6.7), after an increase in the LS values takes place till the lower
YP (352 MPa for RS 5.0 and 354 MPa for RS 6.7) than an abrupt gain in LS is followed
by slight increase till the fracture.

In contrast, the LS evolutions depicted as a function of stress, including
enlarged view in Figure 4.19, present detailed development of LS in the close
proximity to YP. Particularly, in case of RS 5.0, the LS evolutions of the (0002), (11-
10), (10-10) and (10-13) peaks (green, blue, red, orange lines, respectively) continue
to decrease during yielding reaching upper YP, and only after start to deviate to
positive values with decreasing in applied stress till lower YP. At the same time, LS
for the (10-11) and (10-12) peaks start to deviate into positive values already before
upper YP (~ 357 MPa) and continue to increase with applied stress till lower YP.

In case of RS 6.7 alloy, the LS evolutions of the (0002), (11-10), (10-10) and
(10-13) peaks (green, blue, red, orange lines, respectively) are characterized by similar
tendencies as in the RS 5.0 alloy. However, there is no deviation of LS for the (10-12)

peak (yellow line) from the ideal elastic response.
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Figure 4.15. The macroscopic strain-stress curve and the axial lattice strains as a

function of engineering strain for the RS 5.0 alloy.
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Figure 4.16. The macroscopic strain-stress curve and the axial lattice strains as a

function of stress for the RS 5.0 alloy.
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Figure 4.17. The macroscopic strain-stress curve and the axial lattice strains as a

function of engineering strain for the RS 6.7 alloy.
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The evolution of the relative intensity of the diffraction peaks (the integrated
intensity divided by the background) in the axial direction with the macroscopic
loading as a function of time is shown in Figures 4.20 and 4.21 for the RS 5.0 and
RS 6.7 alloys, respectively. The macroscopic data nicely corelates with the
microscopic diffraction data. In the case of the RS 5.0 sample, it can be seen, that the
basal plane (0002) is decreasing till upper YP, where it has a minimum and starts to
increase afterwards. The same is the situation with the (10-12) and (10-13) diffraction
peaks. The prismatic plane (10-10) is decreasing till the lower YP, and after it has a
virtually constant value. The intensity for (11-20) peak is almost constant with a slight
increase before necking and final fracture. The intensity of the (10-11) peak shows a
gradual increase during the whole deformation with a rapid jump at YP. In the case of
the RS 6.7 alloy similar trends can be observed but the intensity development of the
(0002) diffraction peak is not so significant. The same drop of intensity at YP is present
for the (10-10), (10-12) and (11-20) peaks with a following increase in its values. The

same trend is also present for the intensity of the (10-11) plane.
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Figure 4.20. The relative intensity development of the diffraction peaks with the

macroscopic loading as a function of time for the RS 5.0 alloy.
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Figure 4.21. The relative intensity development of the diffraction peaks with the

macroscopic loading as a function of time for the RS 6.7 alloy.
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5. Discussion

It is obvious that the RSRC technique leads to the formation of microstructure
with significantly smaller grains comparing to that of CE alloys. In general, the RS
alloys are characterized by approximately 10 times smaller average grain size
compared to that for the CE alloys (see Tab. 4.1). Despite of the large uncertainty in
the obtained values, within errors the results for the RS alloys correspond to the data
reported in [17]. It can be also seen that slightly faster extrusion ram speed yields slight
increase in grain sizes. Moreover, type of the processing technique has a significant
effect on the formation of the LPSO phase and/or solute segregated SFs or CALs.
Particularly, both CE alloys, independently on extrusion speed, are characterized by
presence of LPSO phase, while there are no LPSO fractions observed in the RS alloys.
Instead, more homogeneous distribution of the alloying elements in forms of solute
segregated SFs and/or CALSs dispersedly distributed in the grain interior are observed
in materials processed by RSRC technique.

Moreover, the RSRC method results a rather weak basal texture having higher
intensity at the [-1100] pole in the inverse pole figure [26]. The formation of basal
texture is caused by the lattice rotation due to non-basal slip with the <11-20> direction
during extrusion [27]. The maxima of texture intensities are lower in the case of RS
materials compared to the CE alloys, despite all investigated alloys are characterized
by weak texture comparing to conventional Mg alloys [2]. In general, the fine DRX
grains have a random orientation and preferential orientation of the non-DRX grains
are contributing to the higher intensity at the [-1100] pole [16]. The coarse non-DRX
grains elongated along ED can be seen in Figure 4.2. Figure 4.9 shows high intensity
at 0° for the (0002) plane, which indicates alignment of the basal planes with ED. The
(10-11) plane has two maxima at approximately 30°and 80°, which can be explained
by the angle between the two prisms of the hexagonal structure. It can be can also
concluded, that there is no twinning during the tensile deformation, because the same
intensity trends are visible at the beginning and also at the end of the tests for every

plane (Figure 4.9).

From the deformation tests it can be clearly seen that the RS alloys have a
higher yield strength with values over 365 MPa given by homogeneous distribution of
the solute segregated SFs and CALs. The CE alloys have better ductility. Moreover,

the alloys produced with extrusion ram speed of 5.0 mm/s, have worst ductility
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compared to the faster processing (extrusion ram speed is 6.7 mm/s), although in the

strength the difference is not that conspicuous.

From engineering point of view, the best materials are the ones with the
smallest difference in the TYS and CYS values. From Figure 4.10 it is obvious that
the RS 5.0 alloy have better compression resistance, but therefore a greater difference
(A) between TYS and CYS. Thus, the RS 6.7 alloy even having a slightly lower YP
during tensile and compression loading, is a better candidate because of the
approximately 25 MPa smaller value in the discussed difference. In the case of the CE
alloys the difference between the YSs is relatively minor. Also, identifying the YP for
the CE alloys was more challenging compared to the RS alloys, as there was no sharp

value, but rather a continuous transition from elastic to plastic behaviour.

The foremost sight which captures attention in the case of compression loading
of the CE alloys is the S-shaped curve, which indicates twinning activity. The reason
for the operation of this mechanism is suitable texture with respect to loading axis: as
majority of the grains have their c-axis perpendicular to loading direction, the
extension twinning can be easily activated [14]. Moreover, basal slip system is
operating in well oriented grains, and also non-basal slip systems are activated when
sufficient stress is achieved. Kinking mechanisms is likely suppressed due to low
fraction of LPSO given by low amount of alloying elements. The compression

deformation behaviour is in good agreement with results reported in [28].

The deformation mechanisms during tension of the CE alloys were investigated
in more detail using in-situ X-ray diffraction technique. Generally, the plastic
deformation is related to the loss of elastic response in the lattice strain. In the case of
the CE alloys, LSs of the (10-12), (10-13) peaks start to deviate to the right from the
linear trend at 160 MPa for the CE 5.0 and at 170 MPa for the CE 6.7 alloy which is
before the macroscopic yielding. Since both planes have high Schmid factor for the
basal slip (0.43 and 0.39, respectively), the observed effect can be explained by the
activation of basal <a>-slip. Moreover, in the case of the (10-12) plane the contribution
of the pyramidal <a>-slip also cannot be excluded (SF=0.38). LS of the (10-11) planes
also deviates at the same stress value, and it can be explained by the activation of
pyramidal <a> dislocation slip (SF=0.47). LS of the (11-20) planes also deviate from
the linear trend to the right, but it takes place later, at approximately 170 MPa for the
CE 5.0 alloy and 180 MPa for the CE 6.7 alloy. This deviation is probably caused by
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the activation of pyramidal <c+a>-slip system which has a highest Schmid factor
(SF=0.45). LS of the (10-10) planes is deviating to the left from the linear response
due to activity of the prismatic <a>-slip system with highest Schmid factor (SF=0.43).
The activation of non-basal slip systems could improve ductile properties [29]. It
should be noted that twinning activity was not present during tensile loading of CE
alloys, since there are no different trends between the (0002) and (10-10) planes. When
twinning happens, these peaks intensities would show different trends, because 86.4°

rotation would change the diffraction conditions.

In RS alloys, the twinning activity is supressed in both tension and compression
of the RS alloys due to small grains size given by the processing technique. Since the
non-DRX coarse grains have their basal plane along ED, the Schmid factor for this
plane is 0 therefore non-basal slip systems are activated in these grains during both
tension and compression. At the same time, random orientation of the DRX grains
enabling realization of several deformation mechanisms in variously oriented grains,
contributes to moderate ductility [7]. However, the Schmid factor analysis (Figure 4.7)
indicates that orientations of the grains are not preferable for basal slip. Therefore,
non-basal slip (prismatic and pyramidal) should be activated, which requires higher
applied stress due to high values of CRSS. Together with suppression of twinning,
activation of non-basal slip leads to achieving high yield strength (in both compression
and tension). Moreover, the dispersed SFs and CALs, being obstacles for dislocation

movement, provide additional strengthening to the material.

Moreover, in the RS alloys the YP phenomenon occurs, which is a sudden drop
in the stress after reaching the upper YP followed by the hardening of the material.
The origin of this effect has been partly described in [30]: after reaching a certain
external load the pinned dislocations by the segregated solute particles suddenly
release, which indicates a drop in the strength values from upper YP to lower YP. In
present work, the observed change in the diffracted intensity at the vicinity of the YP
implies the rotation of the planes. These rotations are the product of the activation of
slip systems, specifically the prismatic <a> in the (10-10), (11-20) planes, pyramidal
<a> in the (10-11), (10-10), basal in the (10-12), (10-13) planes and also pyramidal
<c+a> in the (0002) and (11-20) planes, which probably also causes the rotation of the
basal planes at later stage of the deformation and a slight increase in intensity. The

development of LS with respect to stress (Figure 4.19) indicate that the (0002), (10-
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10), (11-20) and (10-13) peaks have a linear response till the upper YP, where the loss
of elastic response implies the activation of pyramidal <c+a>-, prismatic <a>-,
prismatic <a>- and pyramidal <c+a>-slip systems, respectively. For the (10-10) plane
also the activation of the pyramidal <a>-slip system cannot be excluded. Same stands
for the (10-13) plane and the basal slip. From the graph it can be also clearly seen that
the black and yellow line- the (10-11) and (10-12) planes- are deviating to the right
from the linear elastic response before achieving the upper YP at approximately 357
MPa, which implies the activation of pyramidal <a>- and basal slip system,
respectively Therefore, the asynchronous transition between individual slip systems is

supposed to be the reason of the YP phenomenon.
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6. Conclusions

A bimodal character at the RS alloys with non-DRX grains elongated along ED
and fine DRX grains with average grain size smaller than 1 um has been revealed using
the combination of light microscope and SEM. The CE alloys are characterized by
homogeneous microstructure with an average grain size of about 9 um. Moreover, the
RSRC technique led to formation of solute-enriched SFs and CALs in the grain interior
instead of complete LPSO phase at the grain boundaries in case of CE alloys. For all
alloys, a weak basal texture is present with the basal planes oriented parallel to the ED.
The tensile deformation tests showed the macroscopic mechanical properties of the
alloys: the CE alloys have better ductility, but moderate strength compared to the RS
alloys with high TYS over 365 MPa. A reverse tension-compression yield strength
asymmetry is present in all alloys. For the RS 6.7 alloy, a smaller difference in the
yield strengths has been observed comparing to that in RS 5.0, therefore it is more
perspective for technical applications. For the RS alloys, the YP phenomenon has been
revealed in both tension and compression tests. Deformation during compression of
RS alloys is solely dislocation mediated and realized by basal and non-basal slip. The
tensile deformations have been investigated using in-situ synchrotron diffraction
technique. In the case of the CE alloys, before the macroscopic Y, first the basal <a>-
and the pyramidal <a>-slip is activated on the (10-12), (10-13) and (10-11) planes.
Later, the plastic deformation most likely proceeds with the activation of pyramidal
<cta>-slip system on the (11-20) planes. For the RS alloys, shortly before the
macroscopic yielding the dislocation formation takes place. Slip systems are activated
causing a change in the diffracted intensity. The most apparent change is at the (10-
10) peaks intensity which is caused by the activation of prismatic <a>- and pyramidal

<a>-slip systems.
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Future perspective

Obtained data show evidence that the RSRC alloys have promising potential
for widespread applications as structural material for engineering and biocompatible
material for implantology. Despite the progress of the performed analysis, there are
still unresolved questions regarding the behaviour of the alloys. To support findings
addressed in present work and broaden related knowledge, the obtained results should
be confirmed by transmission electron microscopy (TEM). Moreover, the
experimental results could be also systematically compared with theoretical models.
To better understand the unique YP phenomenon in relation to the alloys having fine-
grained microstructure with solute segregated SFs it is essential to compare our

experimental results with existing models or develop a new one with better description.
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List of Abbreviations

T lattice parameters in a hexagonal close packed structure
BSE......c.o backscattered electrons
CALs.....ccccvvennnnn. cluster arranged layers
CE...oovviiiiiii, cast extruded
Clooo, confidence index
CRSS.....ccii critical resolved shear stress
CYS. ..o compression yield strength
DESY...ccooviin. Deutches Electronen-Synchrotron
DRX...cooovviiinnnnn dynamically recrystalized
EBSD................. electron backscatter diffraction
ED..ooooiiii, extrusion direction
FWHM............... full width at half maximum
hep.oooviiiiiiii, hexagonal closed packed
HEMS.................High Energy Materials Science
LMo light microscopy
LPSO......cccenne long-period stacking order
LS......................]attice strain
Mg............c.cee...magnesium

RS rapid solidified
RSRC................ rapidly solidified ribbon consolidation
RT.....oooo room temperature
SEM.....ccccoeiiinn. scanning electron microscopy
SES. i stacking faults
TEM........cooen transmission electron microscopy
TYS. ..o tensile yield strength
UCS.....ciien ultimate compression strength
UTS..................ultimate tensile strength
Yoo yttrium

YP....................yteld point

YS.o yield strength

Y4 DO zinc
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