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Abstrakt:

Prace je zaméfena na ziskani novych poznatki o vztahu mikrostruktury, textury a
deformacnich mechanismt v hot¢ikovych slitinach (Mg) bez ptimési hliniku. Slitiny
S ptimési zirkonia, zinku, manganu aneodymu (ZK10, MNI11, ZNI11) ve formé
extrudovanych profild byly zkoumany pti pokojové teploté. Jednoosé tahové a
tlakové zkousky byly provedeny ve tfech smérech: ve sméru extruze (ED), v
transverzadlnim (TD) a normalovém sméru (ND). Ke studiu kolektivnich
dislokac¢nich mechanismti a vzniku dvojéat byla vyuzita metoda akustické emise.
Vyvoj deformacni textury byl zkouméan pomoci rentgenové difrakce na vzorcich,
které byly namahény v tlaku do rizného stupné deformace.
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Abstract:

This work is focused on the study of the relationship between microstructure, texture
and deformation mechanisms in aluminum-free magnesium (Mg) alloys. Extruded
alloys containing zirconium, zinc, manganese and neodymium (ZK10, MN11, ZN11)
in a form of rectangular profiles were deformed at room temperature. Uniaxial tensile
and compression tests were performed in the extrusion (ED), transversal (TD) and
normal direction (ND). The concurrent acoustic emission (AE) measurement was
used in order to study the collective dislocation dynamic and the nucleation of twins.
The deformation texture was studied by X-ray diffraction on samples deformed in
compression up to different stress levels.
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Introduction

In recent years, the reduction of air pollution by decreasing the fuel
consumption is an important topic. The challenge can be achieved by using lighter
materials in transport industry, thereby reducing the total weight. The aim is to
replace the conventional materials retaining the mechanical properties.

Magnesium alloys belong to the lightest construction materials. Their density
is lower than that of in industry used steels and aluminum alloys (Al). Mg alloys
have high specific strength and stiffness. Another advantage of Mg is its easy
availability (from 1 liter of seawater we can obtain 1.4 g Mg [1]) and good
recyclability. Comparing to polymers, it has better mechanical properties and higher
electrical and thermal conductivity.

The main limitation for their use is poor formability and ductility at ambient
temperature, particularly low corrosion resistance, higher thermal expansion than that
of Al alloys and weakening of their mechanical properties with increasing
temperature (such as lower strength at temperatures above 200 °C [2]).

Limited ductility of Mg is linked with its hexagonal close packed structure
(hcp). The deformation processes in hcp metals are not fully understood and
therefore further studies are needed. One of the important parameters influencing
their deformation processes is the ratio of crystallographic axes c/a. In Mg, the ratio

is close to |8

3

what is the closest configuration of atoms in hcp lattice, and

therefore, under certain conditions, besides primary basal slip, additional prismatic
and pyramidal slip can be activated.

In the present work, the acoustic emission (AE) technique was used to study
the deformation mechanisms of Mg alloys. AE is generated inside the material
during plastic deformation and is closely related to deformation mechanisms and
fracture processes in materials. The first systematic studies on AE were done in the
50s of the last century by Joseph Kaiser, who studied AE from metallic and non-
metallic materials [3].



Objectives and scope

The majority of published papers are dealing with Mg alloys extruded into
cylinder form, where the anisotropy of mechanical properties is "only" between the
extrusion direction and the direction perpendicular to the axis of extrusion. The
presented work is focused on new, perspective Mg alloys, which were extruded into
the form of rectangular profiles. This method allows for the examination of the
alloys in three directions: extrusion direction (ED), transversal direction (TD) and

normal direction (ND).

The main aims of the thesis were to:

» Study the initial microstructure and texture of extruded profiles depending on
the alloying (light microscope, X-ray diffraction)

» Investigate the microstructural stability (by light microscopy and
microhardness measurements)

» Examine the deformation behavior of the extruded profiles (tension and
compression tests)

» Study the anisotropy and the tension-compression yield strength asymmetry
of the profiles

» Clarify the role of twinning during deformation (acoustic emission, X-ray
diffraction)



1. Theory

1.1. Plastic deformation of metals with a hexagonal close

packed crystal structure

We talk about plastic deformation, when a material undergoes non-reversible
changes of shape in response to applied force [4]. In generally, plastic deformation in
metals with a hexagonal close packed crystal lattice (hcp) is realized by dislocation
glide and twinning. Dislocation glide is dislocation motion along a definite
crystallographic plane, whereby in twinning only a small movement of atoms occurs
and this process is more quickly than slip. Dislocations belong to the line defects in
crystalline materials and exist in two primary types; edge (Fig. 1.1a) and screw (Fig.
1.1b) dislocations. The generation and interaction of dislocations can significantly

influence deformation behavior of crystalline materials.
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Fig. 1.1. Edge (a) and screw (b) dislocation [5]

The plastic deformation of polycrystalline materials (polycrystals) in
comparison to single crystals is strongly affected by grain boundaries (behave like
obstacles for dislocation movement) and the orientation of grains [6]. Deformation in
polycrystals starts in those grains, which are most favorable oriented for slip with
respect to the applied stress.

The characteristic values of the plastic deformation are ductility and strength
of the material. The ductility is expressed through the elongation on the contraction to
the fracture. The yield strength (YS) is the stress corresponding to the strain of 0.2 %.
Macroscopic plastic deformation starts after reaching the YS. The ultimate strength

(0.) Is the maximum stress which the material can reach before its fracture.



1.1.1. Slip systems in hcp crystal lattice

Generally, in the hcp metals three main slip systems: the basal, prismatic and
pyramidal can be distinguished (Fig. 1.2). Their activation strongly depends on the
ratio of the crystallographic axis ¢ to a (Fig. 1.3). The ideal ratio c/a, i.e. the closest

configuration of atoms in hcp lattice, is equal to |8 . If the ratio is greater than the
3

ideal value, slip takes place primary in the basal plane with the highest density of
atoms (e.g. Zn, Cd). If this ratio is lower than the ideal value, slip takes places in the

prismatic and pyramidal slip systems (e.g. Ti). In the case of Mg, the c/a ratio is

close to \/§ and therefore, under certain conditions, besides the primary basal slip,
3

additional prismatic or pyramidal slip can be activated. The highest impact on their

activation in Mg can be attributed to the deformation temperature.
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Fig. 1.2. Basic slip systems in materials with hcp lattice [8]



Fig. 1.3. Hexagonal lattice

According to the von Mises criterion [7], the compatible plastic deformation
in polycrystalline material requires at least 5 independent slip systems. In Mg and its
alloys there are available only two crystallographically independent easy slip systems

at room temperature (RT). The main slip system is the basal (0001) plane with the

highest density of atoms in direction <11§0> and the lowest critical resolved shear

stress (CRSS) of all slip systems.

Basal slip system does not allow deformation along the c¢ axis and for the
activation of pyramidal slip system at RT, a very high CRSS is required
(approximately two orders of magnitude higher than for basal slip), what leads to the

activation of an additional deformation mechanism, which is called twinning.
1.1.2. Twinning in Mg and its alloys

Twinning is the process when a part of the crystal is shifted to a new position,
which is the mirror image of the original and the mirror plane is the twinning plane
(Fig. 1.4). Twinning is caused by a stress concentration, e.g. from accumulated
dislocations at grain boundaries. Nucleation of twins is homogeneous and depends
on the microstructure [9]. This phenomenon contributes to increasing the dislocation
density, which leads to the strain hardening of the material [10].

The formation of twins depends not only on the applied stress but also on
temperature and on the grain size. With increasing temperature the CRSS for the
activation of non-basal slip systems decreases and therefore above a certain

temperature twinning is not required anymore.



crystal lattice twin plane

Fig. 1.4. Twin plane [11]

The main twinning system in Mg alloys is {1012} <1011> system, which is
also called extension twin due to the elongation of the crystal along the c-axis. This
type of twinning can be activated by tension along the c-axis or by compression

perpendicular to the c-axis. During the {1012} <1011> twinning the crystal lattice is

rotated around the (1012) plane and the re-orientation angle between the mother grain
structure and the new created twin is 86.3° (Fig.1.5). The other important twinning
systems are the {1011} <1OI§> systems, so called compression twins (shortening in

crystal along the c-axis).
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Fig. 1.5. Dependence of twinning mechanisms on the loading direction

a) tension, b) compression [12]



1.2. Extrusion

Extrusion is a process which is used to manufacture semi-finished and final
products. The principle of the extrusion is shown in Fig. 1.6. During the forward
(direct) extrusion (Fig. 1.6 left), the material flows in the direction of the extruder
while to achieve a uniform pressure on the walls of extruded material a hydrostatic
medium is applied. In the backward (indirect) extrusion (Fig. 1.6 right), a material
flows against the working direction of the extruder without the use of a hydrostatic
medium.

The final grain size depends on process parameters, such as temperature and
extrusion speed. An advantage of the hydrostatic extrusion against the backward
extrusion is in a uniform applied pressure on the surface of the material.
Furthermore, there is no direct contact of the material with the tool and therefore
such arrangement does not produce any cracks on the surface of the extruded
profile. In view of this fact, for hydrostatic extrusion process higher compression

ratio could be used and in a material finer microstructure can be achieved [13].
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Fig. 1.6. The principle of forward (hydrostatic) and backwards (indirect) extrusion
[14, 15]



1.3.  Wrought magnesium alloys

The wrought Mg alloys have better mechanical properties than the cast
alloys; e.g. higher ultimate tensile strength [16] or better fatigue resistance [17]. The
forming (extrusion, rolling) of Mg alloys leads to a development of a strong
deformation texture (preferable grain orientation [18]), which is responsible for the
asymmetry and anisotropy of mechanical properties, especially at RT [19, 20]. The
activation of various deformation mechanisms (basal slip, twinning, prismatic slip,
etc.) in wrought Mg alloys depends mainly on deformation texture, loading direction
and temperature.

Extruded Mg alloys usually exhibit the orientation of basal planes nearly

parallel to the ED. This texture is favorable for activation of the {1012} <1011>

twinning systems, which leads to lower YS in compression than in tension [21].
Weaker texture can reduce the tension-compression asymmetry at the YS, however
also leads to lower values of the YS [22].

The microstructure of Mg alloys can be controlled by alloying. An addition of
zirconium significantly improves the mechanical properties of extruded Mg alloys.
Zirconium contributes to the grain refinement, what leads to high tensile strength
without any significant decrease in ductility [23]. Another benefit of Zr addition is in
the improved corrosion resistance [24].

Nascimento et al. in [25] compared extruded ZN11 and AZ31 alloys with a
circular cross-section. The AZ31 alloy has inhomogeneous microstructure with a
strong texture, which is responsible for the high tension-compression asymmetry at
the YS. The asymmetry is associated with a high twinning activity during
compression. The ZN11 alloy exhibits a fully recrystallized (homogeneous)
microstructure with a weak texture, what results in the elimination of the asymmetry
at the YS.

Mg-Mn alloys have potential for applications due to their good castability,
tensile strength and hardness, as well as improved corrosion resistance [22]. Recent
study of the MN11 alloy has shown [26] that the RE content in Mg alloys has high
influence on the CRSS values. Mainly, the CRSS for the basal slip and for twinning
is affected in the way that the ratio of CRSSpasai / CRSSuwinning 1S increasing while the
ratios of CRSSyrismatic / CRSSwinning @d CRSSpyramidal / CRSSwinning are decreasing. It

10



was also shown in [20] that the MN11 alloy has a very weak texture with basal

planes tilted away from the ED.

1.4. Acoustic emission

1. 4. 1. Definition and method of acoustic emission

Acoustic emission (AE) is defined as transient elastic waves, which are
generated by a sudden release of energy due to local dynamic changes in the material
[27].

AE is also a diagnostic method based on this phenomenon. AE belongs to the
passive non-destructive methods, which gives real time (in-situ measurement) and
integral information from entire volume about the dynamic state of the material.
Disadvantage of the AE method is given by a complex character of AE signals and

the low energy signals can be hidden in the background noise [28].

1. 4. 2. The sources of acoustic emission

The source of AE is a local process which produces detectable AE signals.
The AE signal is a single dynamic process which is caused by a rapid release of a
certain amount of energy [29].
Depending on the character of elastic waves, two types of AE can be distinguished
(Fig. 1.7):
e Continuous emission — elastic waves from large number of sources with a
low energy,
e Burst emission — AE signals have the character of time separated pulses with
a high energy.
The interaction (annihilation, intersection) and the accumulation of
dislocations at obstacles, or unpinning from the obstacles lead to continuous AE [30].
Continuous AE also occurs during recrystallization or martensitic phase

transformation [31].

11



The burst AE can be produced by the unstable fashion of plastic deformation,
nucleation and propagation of cracks, fracture or corrosion phenomena. The released
energy may be 10 to 14 orders of magnitude greater than in continuous AE [32].
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Fig. 1.7. Burst (left) and continuous (right) AE [33]
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Fig. 1.8. Characterization of burst AE [34]
1. 4. 3. Terminology and basic parameters of AE

e AE signal — an electrical signal obtained by the detection of one or more AE
events. The signal is described by its amplitude, shape, rise time, duration,
energy and its spectrum.

e AE signal start - the beginning of an AE signal as recognized by the system
processor, usually defined by an amplitude excursion exceeding threshold.

e AE signal end - the recognized termination of an AE signal, usually defined
as the last crossing of the threshold by that signal.

12



AE signal duration - the time between AE signal start and AE signal end.

AE signal rise time - the time between AE signal start and the peak amplitude
of that AE signal.

Dead time - any interval during data acquisition when the instrument or
system is unable to accept new data for any reason.

AE event — a local material change giving rise to AE.

Emission oscillation — shape of emission signal in one period of such
frequency which has the maximum amplitude (peak amplitude) of the entire
spectrum.

AE count — the number of times the acoustic emission signal exceeds a
threshold (Fig. 1.8).

AE count rate — the number of the emitted pulses with amplitude greater than
the threshold per a unit time.

AE event rate — the number of the events during a unit time. [35]

1. 4. 4. Detection of AE

The standard setting for measuring the AE activity is schematically shown in

Fig. 1.9.
~
-~
A AD signal
i sensor preamplifier amplifier H PPEREE P computer
1
~1
sample

Fig. 1.9. Scheme of the detection of AE

The AE signal is usually detected by piezoelectric sensors, which are

sufficiently sensitive and have relatively low price. Piezoelectric sensors are often

made from a ceramic like lead zirconate titanate (PZT). There are two types of

detectors. The resonance type detector is the most sensitive around the resonant

frequency. The broad-band sensor has a flat response in a wide frequency interval

13



but is less sensitive. The typical working frequency is between 50 kHz and 1 MHz.
The sensitivity of the sensor is defined in logarithmic scale by the equation:

dB,. =20 |og(uij (1,

where Uy is the reference voltage and it is equal to 1 pV.

Preamplifier is used to keep a high ratio between the detected signal and the
background noise. The signals with low frequencies are filtered out because they
could be affected by a noise of various natures (friction, vibrations from the machine,
etc).

The A/D converter makes from the analogue data the digital one, while the
data are time and amplitude separated. The sampling frequency determines how
many values from the analog signal will be recorded per second.

The parameterization of the AE signal is usually based on the threshold level
detection, what allows distinguishing between high and low amplitude signals. To
separate individual AE events from the raw signal, set of parameters (e. g. threshold

level, rise time, dead time) can be used.

14



2. Experimental methods

2. 1. Deformation tests

The tension and compression tests were performed in a universal testing
machine INSTRON® 5882. The scheme of tensile test with concurrent AE
measurement is shown in Fig. 2.1. For tensile testing, samples with a diameter of
8 mm and active length of 13 mm were prepared. The tensile tests were performed in
the ED and TD. The shape of the materials did not allow producing tensile samples in
the ND. The sample size for compression test is presented in Table 1. All
deformations tests were carried out at room temperature (RT) with a constant strain
rate of 10° s™. The measured data was recorded by using Blue Hill® supplied by
INSTRON® for the testing machine.

) o Thickness Width Length
Material Direction
[mm] [mm] [mm]
ED 11.8 12.3 94
ZN11
TD 9.7 115 12.4
(Mg-Zn-Nd)
ND 12.4 11.6 9.6
ED 10.3 11.2 9.8
MN11
TD 9.6 10.2 11.3
(Mg-Mn-Nd)
ND 11.3 10.3 10.0
ED 9.8 12.2 10.0
ZK10
TD 13.0 12.0 9.7
(Mg-Zn-Zr)
ND 12.2 9.8 9.7

Table 1. The samples sizes for compression tests

15
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Fig.2.1. Scheme of tensile test with concurrent AE measurement

The compression tests of the ZK10 alloy, used for a study of texture
evolution, were done in a universal testing machine Zwick® Z50 in Geesthacht,
Germany.

All mechanical data were processed by program Origin® from the company
OriginLab®.

2. 2. The acoustic emission measurements

AE was detected by computer-controlled system MICRO-II developed by
Physical Acoustic Corporation (PAC), which allows a continuous storage of AE
signals with a sampling frequency of 1 MHz. A preamplifier of 40 dB was used in
order to keep a high ratio between AE signal and a noise. The threshold level was set
to 26 dB. A piezoelectric sensor MIDI-410-61 (ZD RPETY-DAKEL) with a
diameter of 6 mm was used (Fig. 2.2). AE Sensor was attached on the sample with a
help of a clamp and to improve the contact between the sample and AE sensor,

silicone grease was used.

Fig. 2.2. MIDI sensor for AE measurements [36]

16



2. 3. Light microscopy

Samples were cut along the ED and TD; i.e. the planes perpendicular to the
ND were investigated, using a machine Accutom-50 from Struers®. The samples
were mounted by ClaroCit and then they were wet grinded with TegraPol-15 from
Struers®” on SiC grinding papers from P800 to P4000. In addition, they were polished
by a diamond paste with a size of 3, 1 and ¥ pum. The polished surfaces were firstly
etched with 5% Nithal for 5 s and then with an etchant (50 ml of ethanol, 9 ml of
water, 4 ml of an acetic acid and 6 g of a picric acid (98%)) for 10 s.

The microstructure was investigated by the OLYMPUS GX51 microscope
equipped with the PIXELINE® camera. The obtained microstructures were evaluated

using the software from NIS — Elements AR®.

2. 4. Energy dispersive X-ray analysis (EDAX)

EDAX was used for the determination of the chemical composition of Mg
alloys. The X-rays, produced by the interaction of the electron beam with the sample,
were detected by the FEI QUANTA 200 FEG scanning electron microscope. The
primary electron beam was accelerated by the accelerating voltage of 20 kV. The
samples were grinded and polished in away introduced in Chap. 2.3 and the

detection was done in a plane, which is perpendicular to the ED.

2. 5. Texture measurements

For a study of crystallographic texture in the Mg alloys, X-ray diffraction was
used. Texture measurements were done in Germany at Magnesium Innovation
Centre, Helmholz-Zentrum Geesthacht using a diffraction machine TCU 150 Anton
Paar from PANalytical. The CuK, radiation with a beam size of 2x1 mm was used.
The texture was measured on polished surfaces (see chap. 2.3), which were
perpendicular to the ED. The data were processed by program MatLab produced by
MathWorks.

17



2. 6. Microhardness measurement

Microhardness was measured by QNess Q10A + aperture. HV 0.05 setting
was used, what means that a force of 0.5 N is applied for 10 s and the indentions
were evaluated by a lens with the 65x optical zoom. Samples were cut by machine
Accutom-50 from Struers® into a cubic form with a dimension approximately of (10
x 10 x 10) mm. The sample surfaces were grinned and polished. More details about
the sample preparation can be found in Chap. 2.3. The microhardness maps (square

grid of 15x15 points) were done with a step size of 0.25 mm.

18



3. Results

3. 1. Experimental materials

In the present work the MN11, ZN11 and ZK10 magnesium alloys were
investigated. Their chemical composition was determined by EDAX and the
measured values with production conditions are listed in Table 2. The materials were
prepared in Magnesium Innovation Centre, Helmholtz - Zentrum Geesthacht
(Germany) by gravity casting and extrusion through a rectangular section of

dimensions 100 x 11 mm into the final form.

Chemical composition Extrusion| Extrusion

Zn Mn Nd Zr speed |temperature
(wt. %) | (wt. %) | (wt. %) | (wt. %0) | (mml/s) ©0O)
MN11 - 1.10 0.79 - 3.3 350
ZN11 1.03 - 0.83 - 3.3 350
ZK10 | 0.94 - - 0.14 10 250

Table 2. Chemical composition and production conditions of the Mg alloys

The microstructure, texture represented by pole figures and grain size
distribution of investigated materials are shown in Figs. 3. 1 — 3.3.

The MN11 alloy exhibits a homogeneous polyhedral microstructure with the
average grain size of 17 £ 7 um (Fig. 3.1). A relative strong texture with basal planes
nearly parallel to the ED and perpendicular to the ND is observed. In the (0001) pole
figure, the basal planes are split towards the ED and exhibit two distinct maxima.

In ZN11 alloy, a polyhedral fine-grained microstructure with the average
grain size of 12 + 4 um (Fig. 3.2) was found. The alloy shows a relatively weak
texture with basal planes parallel to the ED. In the (0001) pole, similarly to the
MNZ11 alloy, higher spread of the basal planes towards the ED than towards the TD

was found.

19



The ZK10 alloy has an inhomogeneous polyhedral microstructure and the

grain size varies from 5 up to 60 um (Fig. 3.3). The alloy exhibits a strong texture
with basal planes parallel to the ED and perpendicular to the ND.
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Fig. 3.1. Microstructure (ED—), texture (ED?1, TD—) and grain size distribution of
MN11 alloy
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In order to study the stability of the microstructure, the samples were
annealed at 300 °C for a various time. Heat treatment can influence the
microstructure, especially if recrystallization processes occur, which can
significantly influence the mechanical properties of Mg alloys. The dependence of
the microhardess on the annealing time is plotted in Fig. 3.4, where the average
values with corresponding error bars were calculated from 255 measured points. The
microhardness slightly decreases with increasing annealing time however with
respect to error bars, the microhardness can be considered constant throughout the
annealing time interval of (1 — 10) hours.
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Fig. 3.4. Microhardness of the ED surface vs. annealing time (at 300 °C)

Furthermore, the ZK10 alloy was annealed at 300 °C for 20 hours in order to
prove the stability of microstructure. The microstructure and the texture after
annealing for 10 and 20 hours are shown in Figs. 3.5 and 3.6, respectively. After
annealing for 10 hours, some grains are elongated towards the ED and the average
grain size increases by comparison with the non-annealed ZK10 alloy. The small
amount of twins in the microstructure is the result of sample preparation. After
annealing for 20 hours, the microstructure is fully recrystallized and homogeneous
(Fig. 3.6). The annealing process did not significantly influence the texture of the
material and therefore basal planes remain parallel to the ED.
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Fig. 3.5. Microstructure (ED—) and texture (ED?1, TD—) of ZK10 alloy after
annealing at 300 °C for 10 hours

Fig. 3.6. Microstructure (ED—) and texture (TD?1, ND—) of ZK 10 alloy after
annealing at 300 °C for 20 hours
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Moreover, the ZK10 alloy was annealed at 400 °C for 2, 6 and 10 hours in
order to study the evolution of microstructure. The annealing process did not
significantly change the microstructure and the grain size is almost constant. The

results after annealing for 10 hours are shown in Fig. 3.7.
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Fig. 3.7. Microstructure (ED—) and texture (TD?1, ND—) of ZK10 alloy after
annealing at 400 °C for 10 hours
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3. 2. Deformation tests

Tensile true stress - strain curves for the orientation of the load axis along the
ED and TD (ED and TD samples) are shown in Figs. 3.8 — 3.10. All curves exhibit a
typical shape for polycrystalline materials with a linear part at the beginning of the
test, what corresponds to elastic deformation. In the MN11 (Fig. 3.8) and ZN11
alloys (Fig. 3.9), the YS and ultimate tensile strength (UTS) are higher for the TD
than for ED sample. In the MN11 alloy, the elongation to failure is comparable for
both the ED and TD samples, whereas in the ZN11 alloy higher ductility was found
in the ED sample. In the ZK10 alloy (Fig. 3.10), the YS is comparable for both ED
and TD samples. Higher elongation to failure in the ED than in the TD sample was

measured.
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Fig. 3.10. Tensile tests of ZK10 alloy
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True stress — strain curves in compression for all three directions (ED, TD,
ND) are shown in Figs. 3.11 — 3.13. In all three Mg alloys deformed along the ED
and TD, S-shaped compression curves were observed. The shape of compression
curve for the ND sample is similar to tensile curves for the ED and TD samples
(Figs. 3.8 — 3.10). Therefore, the highest YS for the ND sample by comparing with
the ED and TD samples were found in all Mg alloys. In MN11 (Fig. 3.11) and ZN11
(Fig. 3.12) alloys, the lowest YS is in the ED sample. In the ZK10 alloy (Fig. 3.13),
the lowest YS were found in both ED and TD samples. The highest ultimate
compression strength (UCS) from all three directions was measured in the TD
sample for the MN11 and ZN11 alloys, while in the ZK10 alloy, it was observed in
the ED sample. In the MN11 alloy, the ductility is very similar for all three
directions. In the ZN11 and ZK10 alloys, the highest elongation to failure is
measured in the ND sample and the smallest one is found in the TD sample. By

comparing all three Mg alloys, the ZN11 alloy exhibits the best ductility.
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Fig. 3.11. Compression tests of MN11 alloy Fig. 3.12. Compression tests of ZN11
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Fig. 3.13. Compression tests of ZK10 alloy
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The YS values for both compression and tension are shown in Fig. 3.14. The
smallest tension-compression YS asymmetry is detected for the MN11 alloy
deformed along the ED. The highest asymmetry is measured in the same alloy
deformed along the TD. For the ZN11 alloy, the asymmetry in the ED sample is
slightly lower than in the TD sample. In the ZK10 alloy, the YS asymmetry is higher
in the ED than in TD sample.

160 | = tension i
® compression |

140 . ] 4
) a
120 | : .
g I
100 | ]
=3 : |
» . :
= L ]
> 80} o o
L] | |

60 |- 4

40 - .

1 1 1 1
MN11_ED MN11_TD ZN11_ED ZN11_TD ZK10_ED ZK10_TD
Material_direction

Fig. 3.14. Tension-compression asymmetry at the yield point

3. 3. Acoustic emission measurements

The time dependence of the tensile stress, the AE count rate and the AE
signal for the MN11 alloy deformed along the ED and TD is plotted in Fig. 3.15 and
3.16, respectively. Stronger AE signal (higher amplitudes) are measured during
deformation along the TD. The highest amplitudes are observed at the onset of
plastic deformation before the YS. The maximum of the AE count rate can be related
to the macroscopic yield point and higher value can be seen in the ED than in the TD
sample. After the YS, the AE activity decreases with increasing plastic deformation.
This decrease is more pronounced for the TD than for ED sample. It is interesting to
note that while the AE count rate is higher in the ED sample, the AE signal is

stronger in the TD sample.
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Fig. 3.15. Tensile test of MN11 alloy along the ED with concurrent AE measurement
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Fig. 3.16. Tensile test of MN11 alloy along the TD with concurrent AE measurement

The time dependence of the tensile stress, the AE count rate and the AE
signal for the ZN11 alloy is plotted in Fig. 3.17 and 3.18, respectively. The AE
response, with the high amplitude signal and the maximum of the AE count rate at
the onset of plastic deformation in the ED sample, is similar to previous Mg alloy.
Likewise, the following decrease in the AE count rate is more pronounced in the TD
than in the ED sample. As the plastic deformation proceeds, the AE signal with
relatively high amplitude can be found. The high amplitude AE signal can be

correlated to the inflexion points on deformation curve.
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Fig. 3.8. Tensile test of ZN11 alloy along the TD with concurrent AE measurement

The tensile stress, the AE count rate and the AE signal vs. time curves for the

ZK10 alloy are plotted in Fig. 3.19 and 3.20, respectively. At very early stage of

plastic deformation, higher amplitudes of the AE signal for the tensile loading along
the ED than the TD were observed. After the YS, higher amplitudes are found in the

TD. The AE count rate exhibits two distinctive peaks. The first peak is correlated

with the macroscopic yield point and the second one can be related to the

geometrical instability (necking) in the material. More pronounced decrease in the

AE count rate was found during deformation along the ED.
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Fig. 3.19. Tensile test of ZK10 alloy along the ED with concurrent AE measurement
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Fig. 3.20. Tensile test of ZK10 alloy along the TD with concurrent AE measurement

The time dependence of the compressive stress, the AE count rate and the AE
signal for the MN11 alloy are presented in Figs. 3.21 — 3.23. In the ED and TD
samples, high-amplitude AE signals at the onset of plastic deformation are detected.
In the ND sample, only a low amplitude signal is measured. The maximum of the AE
count rate is detected at the macroscopic yield point and the following decrease is
connected with a strong work hardening on the deformation curve. The highest AE
activity is detected in the TD sample and the smallest one in the ND sample. By
comparison with tensile tests (Figs. 3.15, 3.16), during compression, the amplitude of
the AE signal at very early stage of plastic deformation is significantly higher. On the

other hand, during tensile loading the AE activity persists till the end of the test.
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The stress, the AE count rate and the AE signal vs. time curves for the ZN11
alloy compressed along three directions are presented in Figs. 3.24 — 3.26. The AE
activity is similar to those observed in the MN11 alloy, i.e. the AE signal vanish
shortly after the YS and the AE count rate exhibits its maximum at the YS.
Furthermore, the strongest AE signal is detected in the TD sample and a very low
amplitude signal, near the YS, is observed in the ND sample. For the ED and TD

samples, a relative strong AE activity was found at later stage of plastic deformation.
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Fig. 3.25. Compression test of ZN11 alloy along the TD with concurrent AE

measurement
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Fig. 3.26. Compression test of ZN11 alloy along the ND with concurrent AE

measurement

Compressive stress, the AE count rate and the AE signal vs. time curves for
the ZK10 alloy are presented in Figs. 3.27 — 3.29. The amplitude of the AE signal is
significantly higher in the ED sample than in the TD and ND samples. The AE
activity rapidly decreases to zero after the YS and some AE counts can be seen short
before fracture of the sample. Higher amplitudes of AE signals are detected in
compression than in tension (Figs. 3.19 and 3.21.). By comparison of all ND

samples, the highest AE activity was observed in the ZK10 alloy.
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Fig. 3.27. Compression test of ZK10 alloy along the ED with concurrent AE

measurement
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3.4. Texture evaluation

The true stress, strain hardening rate and AE count rate vs. true strain curves
for the ZK10 alloy compressed in the ED, TD and ND are presented in Figs. 3. 30 —
3.32. After the YS, an increase in the strain hardening rate can be seen and its
maximum correlates with the inflection point on the deformation curve (for ED and
TD samples). After this point, softening processes start to be active. In the ND

sample, the strain hardening rate rapidly decreases till the end of the test.
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Based on performed experiments on the ZK10 alloy, the samples were
compressed up to specific stresses (see Figs. 3.30 — 3.32) in order to reveal the
evolution of crystallographic texture during compression tests.

The results of texture measurements are shown in Figs. 3.33 — 3.35. For the
ED sample deformed to the YS (Fig. 3.33, position 1), an increase in the intensity of
basal pole in the (0001) pole figure, by comparing with as extruded condition, can be
seen. After compression up to 75 MPa (Fig. 3.33, position 2), the angular spread of
basal planes toward the TD is observed. Furthermore, two components in the (0001)

pole figure towards the ED are found. As deformation proceeds (Fig. 3.33, ED,
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position 3-5), the intensity of basal pole in the center of the (0001) pole figure is
reduced and for the two components towards the ED rapidly increases. In other
words, after compression along ED the basal planes are perpendicular to ED (Fig.
3.33, ED, position 5).
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Fig. 3.33. The evolution of crystallographic texture in ZK10 alloy during
compression along the ED (ED?, TD—)

Compression of the TD sample up to the YS has a slight impact on the
texture. The intensity of basal pole in the (0001) pole figure is the same and two
weak components along the TD are formed (Fig. 3.34, position 1). Higher applied
stresses contribute to the strengthening of both basal components along the TD (Fig.
3.34, position 2-4). Similarly to the compression along the ED sample, the intensity
of the basal pole in the center of (0001) pole figure is rapidly decreasing, while the
intensity of the new components toward the TD are increasing. At very late stage of
plastic deformation, the basal planes are perpendicular to the TD (Fig. 3.34, position
4).
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During compression of the ZK10 alloy along the ND (Fig. 3.35), the
crystallographic texture is only slightly changed. The basal planes in the (0001) pole
figure remain perpendicular to the ED till the end of the test and their intensity

increases with increasing plastic deformation.
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Fig. 3.35. The evolution of crystallographic texture in ZK10 alloy during

compression along the ND (ED1, TD—)

Similarly to the deformation tests on the ZK10 alloy, the ZN11 samples were
compressed up to specific stresses for a study of the crystallographic texture
evolution (Figs. 3. 36, 3.37). The work hardening behavior is similar for both ZK10
and ZN11. The maximum of the strain hardening rate can be related to the inflection

point on stress — strain curve.
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The results of texture measurements are presented in Fig. 3. 38 and 3.39.
After compression along the ED up to the YS (Fig. 3.38, position 1) no significant
changes in crystallographic texture can be observed in the (0001) pole figure in
comparison with the as extruded texture. With increasing stress (Fig. 3.38, position 2
and full compression) two new components of basal planes in the (0001) pole figure
are observed toward the ED. After fracture, a quite intensive texture with basal

planes perpendicular to the ED can be seen.
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The compression of the TD sample up to the YS results a weaker texture by
comparison to as extruded condition. Moreover, spread of basal planes toward the
TD is observed (Fig. 3.39, position 1). With increasing applied stress basal planes are
wider broad toward the TD (Fig. 3.39, position 2 and after fracture). After
compression, the basal planes are perpendicular to the TD (Fig. 3.39, after

compression).

As extruded Position 1 in Fig 3.37 Position 2 in Fig 3.37
(after the YS) (175 MPa)

(0001) /Z \/@, (mm)

3 ax:|fmin:
001 _ 6/0.19

After fracture
Fig. 3.39. The evolution of crystallographic texture in ZN11 alloy during
compression along the TD (ED1, TD—)
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4. Discussion

In earlier work [20] has been reported that a slow extrusion can lead to a
formation of a bimodal microstructure consisting from grains elongated in the ED
and small recrystallized grains. Bimodal microstructure can significantly affect the
deformation behavior of Mg alloys (e.g. twinning activation [37]). It was shown in
[38, 39] that an increase in the strain rate can reduce the ductility in Mg alloys with
inhomogeneous microstructure. By comparing the microstructure of all three Mg
alloys (Fig. 3.1 - 3.3) we can see that the microstructure of the MN11 and ZN11
alloys is homogeneous with the average grain size of 17 and 12 um, respectively.
Therefore, the extrusion speed of 3.3 mm/s seems to be appropriate for a production
of MN11 and ZN11 alloys in form of rectangular profiles. It was observed in [40, 41]
that zirconium (Zr) reduces the grain size in aluminum-free Mg alloys. However, the
microstructure of the ZK10 alloy, in comparison with the other two Mg alloys,
contains bigger grains. Thus, the microstructure after extrusion is significantly
influenced not only by alloying elements, but also by the extrusion speed. According
to results presented in [20], during fast extrusion, the rise of temperature can initiate
static recrystallization and/or grain growth. Extrusion conditions, used in the
production of the ZK10 alloy in form of rectangular profile, lead to not fully
recrystallized and inhomogeneous microstructure.

In all investigated Mg alloys, crystallographic texture with basal planes
(0001) nearly parallel to the ED was observed. Similar texture can be typically seen
in extruded Mg alloys [20, 22, 37, 42, 43]. The texture of the MN11 and ZN11 alloys
is comparable, where a slight higher intensity of basal planes was detected in the
MN11 alloy. It is interesting to note that texture in extruded ZN11 is similar to
texture, which was observed in rolled ZE10 sheet [42]. In the ZE10 sheet, the spread
of basal planes towards the TD is responsible for changes in deformation behavior
(tensile anisotropy). It was shown in [44] that an addition of rare earth elements (e.g.
cerium, neodymium) leads to a weaker texture. This finding may explain the
strongest texture in the rare earth elements - free ZK10 alloy, studied in this work.

From results of microhardness experiments it is clearly seen that the
annealing process at 300 °C has no significant influence on the microstructure.

Investigation of the texture of ZK10 alloy has shown that annealing at 300 °C as well
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as at 400 °C does not affect the initial texture. The annealed microstructures exhibit
only slight increase in the grain sizes compared to as received conditions. Based on
above mentioned results, we can assume that the extruded Mg alloys have a stable
microstructure and therefore the heat treatment is not required before mechanical
testing.

The tensile deformation curves have a shape, which is typical for
polycrystalline materials. The MN11 and ZN11 alloy exhibits relative strong in-plane
anisotropy in tensile properties due to a distinct basal texture. Since, the pole
intensity of the tilted basal planes and the tilt angle is higher in the ED than in the
TD, loading in the ED is advantageous for basal (a) slip. Consequently, the YS in
the ED is lower than in the TD. Similar deformation behavior can be seen in wrought
Mg alloys with a strong basal texture (e.g. in [42, 45]). The absence of the YS
anisotropy in ZK10 can be explained by the angular tilt of the basal planes, which are
nearly symmetrically distributed along the ED and TD. Higher YS in the finer-
grained MN11 and ZN11 than in the ZK10 alloy is consistent with the Hall-Petch
relation [5].

With respect to the strong basal texture in extruded Mg alloys, twinning can
be activated either during compressive loading in direction parallel to basal planes
(ED and TD) or during tensile loading in a direction perpendicular to the basal planes
(ND) [21, 46, 47]. Therefore, during tensile loading, twinning almost does not
contribute to the overall deformation [48].

The S-shape of the compression curves for ED and TD samples is a typical
sign of twinning activity. Activation of twins reduces the YS and is responsible for a

plateau on deformation curve. Twinning causes a crystal lattice re-orientation of
86.3° around the (1012) plane and plastic deformation is realized by a dislocation

slip in the reoriented basal planes [49, 50]. Newly formed twins are obstacles for
moving dislocations and therefore significantly contribute to strain hardening.
Compression along the ND, i.e. compressive loading in a direction perpendicular to
the basal planes, is not favorable for twinning activity and deformation curve is
similar to tensile curves for ED and TD samples. Plastic deformation is firstly
realized by basal slip and subsequently non-basal slip systems can be activated. This
explains the highest YS, detected in the ND for all examined Mg alloys. Similarly to
tensile tests, MN11 and ZN11 exhibit in-plane anisotropy also in compression due to
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a strong basal texture. The tilt of the basal planes in the ED is higher than in TD,
what favors twinning in the ED and results in lower YS in ED than in TD [51].

The compression-tension asymmetry at the YS is the result of the hcp lattice
and a strong deformation texture, which was formed during the extrusion process. In
randomly orientated polycrystalline Mg alloys, more grains are favorable orientated
for extension twinning in compression than in tension. In tension, the tilt angle of the
c-axis from the ideal (vertical) position for tensile twinning is 64° 53°, while in
compression the tilt from the horizontal position is 45° 51" [52-54]. The smallest YS
asymmetry is found in a relatively fine-grained MN11 alloy deformed along the ED.
It has been proven that a grain refinement in Mg alloys may reduce the tension-
compression asymmetry at the YS due to the reduction of the influence of twinning
on the total deformation [55]. On the other hand, the second smallest tension-
compression asymmetry at the YS is observed in inhomogeneous ZK10 alloy
deformed along the TD.

The AE count rate of the tensile and compression tests cannot be
quantitatively compared due to different volumes and shapes of the samples.
However, the decrease in the AE count rates after the yield point is more pronounced
in compression than in tension, what reflects a much stronger effect of strain
hardening. Similar behavior of AE count rates was documented in [56]. It has been
shown in [57] that the grain size has an influence on the AE activity, where the AE
count rate decreases with decreasing average grain size. It can be explained by a
large free path for a collective motion of dislocations in large grains, while in the
fine-grained microstructure higher amount of grain boundaries, which are obstacles
for the dislocation motion, are present. Some studies have also shown [57, 58] the
dependence of AE on the grain size distribution, preferred orientation and on the
character and distribution of precipitates. All these mechanisms have an influence on
the activation and distribution of dislocation avalanches and an occurrence of twins.

In tensile tests, the AE maximum at the beginning of plastic deformation is
usually explained by the massive multiplication of dislocations. Therefore in MN11
and ZN11, higher AE count rate at the YS in ED than in TD sample can be related to
easier activation of basal slip during deformation along the ED. In the ZK10 alloy,
with respect to the symmetrical distribution of basal planes along the ED and TD
(Fig. 3.3), similar AE count rate at the YS is observed for both ED and TD samples.
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The following decrease in the AE count rate is caused by forest dislocations,
which act as obstacles for moving dislocations. For MN11 and ZN11, more
significant decrease is observed in TD than ED samples. Nevertheless, the AE
activity persists till the end of the test. According to [59, 60], during tensile tests,
twins can be nucleated, however, they need higher stresses and their growth is
limited. Therefore, an occurrence of twins, necessary for a compatible plastic
deformation, could be found at later stage of tensile loading. The highest AE count
rate during tensile deformation is detected in ZK10 alloy, which has the largest
grains.

During compression of extruded Mg alloys, besides basal slip, twinning is a
primary activated mechanism. It is an excellent source of AE [57] and it is
responsible for strong AE signals. It was documented in [61, 62] that the twin
nucleation produces detectable AE signal contrary to twin growth. Therefore, a
reduction of the AE activity can indicate a decrease of twinning activity (twin
nucleation). Despite no AE at higher strains in the MN11 and ZK10 alloys, the
dislocation glide will continuously be activated to accommodate strain in a heavily
deformed material up to fracture [22]. The AE count rate in the ZN11 alloy is
different from the previous two Mg alloys. Occurrence of the AE activity at later
stage of plastic deformation can be atributted to nucleation of twins.

In order to study the texture evolution during compression, the deformation
tests were repeated to successively greater strains along the stress-strain curve. The
choice of strains (specific points on deformation curve) was based on changes of
deformation behavior and the AE response. For the ZK10 alloy, 5 specific points on
deformation curve in ED and 4 in TD loading were chosen. For the ZN11 alloy, two
deformation tests were repeated to different strains.

At the very early stage of deformation, before the macroscopic yield point,
AE activity was detected. The AE signal is caused by the microplastic deformation,
which occurs in favorable oriented grains for dislocation slip before the YS. Similar
AE behavior was also documented in [37, 51, 54, 63]. The massive multiplication of
dislocations and a nucleation of twins at the YS produce strong AE. The texture of
ZK10 sample compressed in ED up to the YS shows an increase in the intensity of
basal planes in (0001) pole figure. For position 2 on stress-strain curve (Fig. 3.32),
new components towards the ED in the (0001) pole figure (Fig. 3.35) occur, what

indicates on the strong twinning activity during plastic deformation between the YS
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and the position 2. Tensile twins can reorient the basal planes by 86.3° to original
orientation [49, 50] and basal planes are perpendicular to the loading direction.
Therefore, due to a massive twinning, a very high AE activity was measured.
Afterwards, with increasing strain hardening, AE disappears and the intensity of the
newly formed basal components in the (0001) pole figure (Fig. 3.32, pos. 3 and 4)
increases. Thus, plastic deformation is manly realized by dislocation slip and growth
of twins, which cannot contribute to detectable AE. After compression along the ED,
the basal planes are almost completely reoriented and displayed in the (0001) pole

figure as very strong components towards the ED.
As the result of the symmetrically distributed {LOIO} prismatic planes in (10-
10) pole figures (Fig. 3.32), the compression along the TD has similar effect on

texture like the compression along the ED. The AE activity decreases more rapidly in
the TD than in ED, what can be explained by higher strain hardening rate. After
compression along the TD, the basal planes in the (0001) pole figure are
perpendicular to the loading direction.

In compression along the ND, the texture is not favorable for the twinning,
because the c-axis is parallel to the loading direction. Therefore, only a slight increase
in the intensity of basal planes during plastic deformation was observed. Despite of
that, a relatively high AE activity is measured in the ZK10 alloy as a result of the
collective dislocation motion. The results are consistent with the idea that
compression along the ND is similar to tensile loading along the ED and TD. Similar
results were observed for the ZN11 alloy.

The strain hardening rate depends on the loading direction. It was reported in
[64, 65] that the extension twinning induces the hardening rate regime. Oppedal et
al. [66] connected this regime to the Hall-Petch effect and attributed it to two
different mechanisms: to texture hardening and dislocation transmutation. By
comparing the final textures after the compression along the ED, TD and ND, it is
clearly seen that in all cases the c-axis is parallel to the loading direction. On the other
hand, the corresponding hardening behavior varies with the deformation direction.
Based on [67] this variety comes from the effect of dislocation transmutation.

In the present work, AE streaming was used. Discriminating between
dislocation slip and deformation twinning in the AE signal for Mg alloys is not

straightforward because both mechanisms operate simultaneously; therefore the AE
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stream contains contributions from both mechanisms [68]. Nevertheless, these two
sources induce AE with different characteristic features. The biggest differences
between these two mechanisms are commonly associated with both the shape of AE
waveforms and the amplitude and power of the AE signals (low amplitude/low
power AE for dislocation slip and to high amplitude/high power AE for
twinning) [59, 70].

The features observed for the AE count rate, i.e. dependence on the volume of
the sample, temperature, grain size distribution, etc. are also valid for the AE signal
behavior. In the most presented cases the results of the AE count rate and AE signal
are similar. The maximum of the amplitude of the AE signal is observed before the
YS, which is related to the microplasticity of the Mg alloys (occurrence of basal slip
and twinning). In tensile tests after the YS, a subsequent decrease in the AE signal is
seen, however AE persists up to fracture. In ZN11, the high-amplitude signals around
the inflection point could be associated with cracking in the material.

The difference between the MN11 and ZN11 alloys compression tests (Figs.
3.21 — 3.26) can be explained by the higher initial dislocation density in the ZN11
alloy. Generally, increasing dislocation density reduces the mean distance and the
free path for moving dislocation and results in a decrease of the AE activity [71, 72].
Therefore in ZN11, the breakaway process of dislocations produces a high amplitude
signal with a relative low AE count rate in comparison to MN11. Similar results were
observed on Al-Si-Mg-Mn alloy [73], where with increasing annealing time the
dislocation density decreases and following deformation loading led to a detection of
the AE signals consisting from lower amplitudes.

Due to different volumes and shapes of the samples, the AE signals, observed
during tensile and compression tests, cannot be directly compared. The AE signal
detected in compression along ED and TD has 4-5 times higher amplitude than that
detected for ND sample. As written above, in the ND, twinning is not preferable, and
so the low amplitude AE signal can be ascribed to collective dislocation motion. On
other hand, during compression along ED and TD, nucleation of twins can produce

high amplitude AE signals.
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5. Conclusions

The extruded profiles of MN11 and ZN11 alloys exhibit fine-grained and
homogeneous microstructure after extrusion at 350 °C with an extrusion speed of 3.3
mm/s. In the ZK10 alloy, extrusion at 250 °C with an extrusion speed of 10 mm/s is
responsible for an inhomogeneous microstructure.

As a result of extrusion, the basal planes are parallel to ED with c-axis
parallel to ND. In the MN11 and ZN11 alloys, the basal planes are tilted into the ED
and form two maxima in basal pole figure. In the ZK10 alloy the basal planes are
symmetrically distributed around the center of the (0001) pole figure. The ZK10
alloy has the strongest texture.

We can assume that investegated alloys have stable microstructure, because
after annealing at 300 °C resp. 400 °C their texture did not change and only slight
differences in microshardness values and in microstructure were observed.

The MN11 and ZN11 alloys exhibit strong in-plane anisotropy as the result of
their texture. The basal planes tilted to the ED are responsible for lower stresses (YS,
UTS, UCS) in tensile loading along the ED (easier activation of basal slip) and in
compression along the ED (easier twinning activation). The ZK10 with its
symmetrical texture has similar tensile curves for ED and TD samples.

Compression along the ND, i.e. compressive loading in a direction
perpendicular to the basal planes, is not favorable for twinning and deformation
curve is similar to tensile curves for ED and TD samples.

During tensile loading of all Mg alloys, a relative high AE activity persists till
the end of the test, while in compression only in the ZN11 alloy a significant AE
activity after the yield point is observed. At later stages of tensile deformation, twin
nucleations can ocurs.

AE signal is measured before the macroscopic yield point as the result of
microplasticity (basal slip and/or twinning).

The texture evolution was investigated during compression. Twinning occurs
around the yield point (in ED and TD samples), increases the strain hardening rate
and consequently decreases the AE activity. At the end of the compression (along all
directions) the c-axis gets parallel to the loading direction. During compression along

ND no significant texture changes can be observed.
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Options for further research

Based on the present work, the ZN11 seems to have the best characteristics. It
has homogeneous fine-grained microstructure, with relatively low texture intensity.
As the result of its texture, low anisotropy is observed in this alloy with acceptable
YS asymmetry.

The twin volume fraction during compressive loading should be investigated
by electron backscattered diffraction (EBSD) measurement. Together with X-ray
diffraction analysis, important information about twinning during compression can
be achieved.

In order to study twinning-detwinning behavior of extruded profiles, low-
cyclic tests (compression-tension) could be measured with concurrent AE activity.

The raw AE signal can be subjected to further processing using of AE
parameters in order to distinguish dislocation slip from mechanical twinning.
Characterization and better understanding of twinning in Mg alloys contributes to
achievement such an improvement of their mechanical properties.

Further statistical processing of the obtained AE parameters (i.e. the
amplitude or the energy of emission events) can be used for a study of dislocation

dynamic during plastic deformation.
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