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Katedra: Katedra fyziky nizkych teplot

Vedouci disertac¢ni prace: doc. Mgr. Jakub éiiek, Ph.D., Katedra fyziky nizkych
teplot

Abstrakt: V predlozenej praci boli pomocou spektroskopie doby Zivota pozitrénov
a koincidencnej spektroskopie Dopplerovského rozsirenia anihila¢ného piku stu-
dované zliatiny WE43 s pridavkom zinku a ternarne zliatiny Mg-Zn-Y. V tych-
to zliatinach bola nedavno zisten& pritomnost ikosahedréilnej fazy MgsZngY; s
kvazikrystalickou §truktdrou, ¢o pritiahlo pozornost vyskumnikov. Spektroskopia
doby Zivota pozitronov preukazala pritomnost unikdtnych vakancidm podobnych
defektov na rozhrani ikosahedralnej fazy a horéikovej matrice, ktoré su charakter-
istické pre horc¢ikové zliatiny obsahujtce ikosahedralnu fazu. Tepelné spracovanie
skamanych zliatin vedie k vyznamnym zmenam morfologie hrani¢nych faz. Kedze
vakanciam podobné defekty spojené s ikosahedralnou fazou sa vyskytuju na jej
rozhrani s horé¢ikovou matricou, zmeny v morfologii ikosahedralnej fazy vedua k
vyraznym zmenam koncentracie tychto defektov.

Dalej boli skiimané vzorky pripravené uhlovym pretla¢anim kanélom rovnakého
prierezu. Typy defektov pritomné v tychto zliatinach a ich teplotna stabilita bola
ur¢end pomocou spektroskopie doby zivota pozitrénov a merania tvrdosti pocas
izochronného Zihania. Fazové transforméacie v odliatych zliatindch a vzorkach
deformovanych uhlovym pretlacanim kanalom rovnakého prierezu boli sktimané
pomocou n situ merania diffrakcie rontgenového ziarenia a diferencnej skenovacej
kalorimetrie.
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Abstract: In the present work defects in WE43-based alloys modified by addi-
tion of Zn and ternary Mg-Zn-Y alloys were studied by positron lifetime spec-
troscopy and coincidence measurement of Doppler-broadening of annihilation ra-
diation. Icosahedral phase MgsZngY; with quasicrystalline structure was recently
observed in Mg-Zn-Y system and attracts great attention of researchers due to
its unique properties. Positron lifetime spectroscopy revealed that positrons are
trapped at a special kind of vacancy-like defects located at interfaces between
the Mg matrix and icosahedral phase in the studied alloys. Heat treatment of
studied alloys leads to marked changes in the morphology of secondary phases.
Since the vacancy-like defects are located at the surface of icosahedral phase, heat
treatment significantly influences their concentration.

Samples processed by equal-channel angular pressing were investigated to eluci-
date the influence of ultra-fined-grained structure on types of defects present in
the studied alloys. The temperature stability of the ultra-fined-grained structure
was studied by positron lifetime spectroscopy and microhardness measurements
of isochronally annealed samples. Phase transformations were examined by in
sity, X-ray diffraction and differential scanning calorimetry in the as-cast alloys
as well as the samples deformed by equal-channel angular pressing.

Keywords: quasicrystals, defects, Mg-alloys, positron annihilation



Contents

1 Introductionl 3
2 Physical principles of positron annihilation spectroscopy| 4
2.1 Positron sourcel . . . . . . ... 4
2.2 Thermalization of positrons| . . . . . . .. ... ... .. ..... 4
[2.3  Positron implantation profilef. . . . . .. .. ... )
2.4 Positron states in condensed matter] . . . . . ... ... ... .. 5
[2.5 Positron lifetime spectroscopy| . . . . . . . ... ... 7
[2.6  Coincidence Doppler broadening of positron annihilation radiation] 10

[3 Introduction to quasicrystals and Mg-Zn-Y system| 12
[3.1  Quasicrystals| . . . . . . .. Lo 12
[3.2  Mg-Zn-Y system| . . .. ... ... 15

4  Experimental techniques| 18
M1 Hardness measurements . . .. ... ... ... ... ... ... 18
[4.2  Scanning electron microscopy| . . . . . . . ... 19
[4.3  X-ray diffraction| . . . . ... ... oL 20
[4.4  Positron lifetime spectroscopy| . . . . . . . ..o 21
[4.5 Coincidence Doppler-broadening spectroscopy| . . . . . . ... .. 23
6_Results| 27
[>.1 Ascastalloys| . . .. .. ... ..o 27
[b.1.1  Samples| . . . . . .. ..o 27

[5.1.2  Mechanical properties and phase composition| . . . . . .. 27

b.1.3 Defect studiesf . . . . . . ... ... 0oL 39

[>.2  Heat treated alloys| . . . . . ... .. ... ... ... 47
[5.2.1  Microstructure and mechanical properties| . . . . .. . .. 47

(.2.1.1  WE43+11Zn alloy| . . . .. ... ... ... ... 47

b.2.1.2  MgdY26Zn alloy| . . . ... ... ... ... ... 47

[>.2.1.3  Isochronnal annealing of Wk43-based alloys| . . . 49

(.22 Defect studies . . . . . ... .. oo 58

[5.2.3  In situ XRD studies during heat treatment|{. . . . . . . . . 61

(5.3 Alloys processed by ECAP| . . . . .. ... ... ... ... .... 75
[b.3.1 Samples| . . . .. ..o 75

[5.3.2  Microstructure and mechanical properties| . . . . . . ... 76

b.3.3  In situ XRD during compression test| . . . . . . ... ... 83

0.3.4 Defect studied . . . . ... ... 0oL 89

[5.3.5  In situ XRD during heat treatment of the samples deformed |

| by ECAP| . ... .. ... 94
6 Discussionl 105
[6.1 As-cast and heat treated samples| . . . . . ... ... ... .... 105
(6.2 KCAP-processed samples|. . . . . . ... .. ... ... ... 107

(6.3 In situ XRD studies of phase transformations and compression test| 109




Articl lated hesis

[Other articles|

[Appendix A Author’s publication 1|

[Appendix B Author’s publication 2|

[Appendix C Awuthor’s publication 3

[Appendix D Author’s publication 4

111

116

117

118

119

120

123

130

138

147



1. Introduction

Quasicrystals have peculiar structure which exhibits some features of both
crystalline and amorphous materials. Their structure is ordered but at the same
time it lacks the translation symmetry. Quasicrystals exhibit high strength, hard-
ness and brittleness due to low density of dislocations and their low mobility. In
addition, they have low surface energy, high abrasion and corrosion resistance
and show highly isotropic elastic properties.

Most of the discovered quasicrystals were prepared as a single phase materi-
als. However, quasicrystalline precipitates in magnesium alloys with zinc and rare
earth alloying elements were recently observed. Unique structure of these precip-
itates may create new types of defects which are not present in the conventional
magnesium alloys.

Positron annihilation spectroscopy represents a group of well-established ex-
perimental techniques suitable for investigation of open-volume defects in con-
densed matter. Positron lifetime spectroscopy is employed to identify the types
of defects and to quantify their concentrations. Complementary technique called
coincidence spectroscopy of Doppler broadening of annihilation radiation is used
to characterize the chemical composition in the vicinity of open-volume defects.
Complex information about the defects in studied materials can be obtained by
combination of these two experimental methods.

In the present work, the samples of magnesium alloys containing icosahedral
phase were examined in the as cast condition, after various heat treatments and
also after severe plastic deformation induced by equal-channel angular pressing.
Investigations by positron lifetime spectroscopy and coincidence Doppler broad-
ening spectroscopy were performed to elucidate the influence of heat treatment
and ultra-fine-grained structure on defects in the studied alloys.

Positron annihilation techniques were combined with scanning electron mi-
croscopy, X-ray diffraction and microhardness measurements to provide a com-
plete picture of physical processes taking place in the studied samples. Phase
transformations of intermetallic phases were investigated by in situ X-ray diffrac-
tion of synchrotron radiation and differential scanning calorimetry.



2. Physical principles of positron
annihilation spectroscopy

2.1 Positron source

In laboratory practice, positrons are commonly generated by radioisotopes
undergoing S decay. These radioisotope decay according to the equation

AX =5 X' et 4o (2.1)

During the 3% decay, the nucleus 4X simultaneously emits positron et and neu-
trino v and decays to nucleus 4 ,X’. Positrons emited by S+ decay exhibit
continuous energy spectrum of kinetic energies. Typical end-point energies are in
the range of hundreds keV to several MeV.

Decay scheme of 2?Na which is the most often used positron source in positron
annihilation spectroscopy is shown in figure[2.1} The end-point energy of positrons
emitted by #?Na radioisotope is E,,q, — 0.545 MeV and their mean kinetic energy
is ~ 270 keV.

The decay of 22Na radioisotope produces the daughter 2?Ne nucleus in excited
state which subsequently de-excites by emission of ~ ray, so-called start photon,
with characteristic energy of 1274 keV. The name is derived from the fact that
the lifetime of the excited *Ne level is only a few ps (see figure [2.1)), therefore
the start photon is emitted practically simultaneously with positron and denotes
the time when the positron was born.

3t Ty /3 =2.6 year
%?Na
ti/o = 3.7 ps 92+ B+ 90.4 %, EC 9.5 %
71274 keV ) g+ 0.06 %
ot

22
1tNe

Figure 2.1: Decay scheme of the radioisotope ?*Na.

2.2 Thermalization of positrons

Positron penetrating into condensed matter quickly loses its initial kinetic en-
ergy until it reaches thermal energy of ~ %kT (i.e. 0.039 eV at room temperature)
.

This process is called positron thermalization. Positrons lose their energy by
excitation of core electrons at high energies (above ~ 100 eV), while at lower ener-
gies (100-0.1 eV) scattering by conduction electrons becomes dominant. Finally,
at energies below 0.1 eV scattering on phonons is the prevailing mechanism of
energy loss. Thermalization of positron in condensed mater usually takes several
ps. On the other hand, typical positron lifetimes in condensed matter are in the



order of hundreds ps. Hence, the thermalization time of positron is approximately
two orders of magnitude shorter than the positron lifetime in condensed matter
and can be neglected in most circumstances.

Velocity of positron in thermal equilibrium is governed by the classic Maxwell-
Boltzmann distribution which states that the mean square velocity of positron

v, =/ 07) = ,/377]‘;?, (2.2)

where k is the Boltzmann constant, T temperature and m™ is the effective positron
mass. The value of the latter quantity is usually m* ~ 1.5m, where m is the rest
mass of positron. The effective positron mass reflects the interaction of positron
with condensed matter medium and includes contribution of phonons, positron
band structure and electron-positron interaction. The mean square velocity of
positron can be expressed as

vy [nm/ps] ~ 5.5VT. (2.3)

2.3 Positron implantation profile

Penetration of positrons emitted by a 7 source with mean energy in order of
hundreds keV into condensed matter can be described by an empirical implanta-
tion profile [2]

P(z) = aye 7, (2.4)

where P(z) is probability that positron penetrates into depth x under surface of
sample. The mean penetration depth can be calculated using the expression

1 El4 MeV]

[em] =~ =

—|cm] ~ —/—F———— 2.5
o 160[g - cm~?] 25)
where FE,,q. is the end-point energy of 57 source and p is density of sample. In
metals, the mean penetration depth of positrons emitted by ?2Na source ranges
from 10 to 500 pm. Therefore, positrons emitted by ??Na source probe bulk
properties of the sample.

2.4 Positron states in condensed matter

Thermalized positrons are scattered almost exclusively by phonons and in the
classical approximation positrons perform a random isotropic diffusion motion in
material. The momentum distribution of positrons does not change further after
thermalization. Scattering by phonons leads to temperature dependence of the
positron diffusion coefficient |3

Dy~ — (2.6)
+ \/T. .

The positron diffusion coefficient typically falls into the range from 0.1 to 2

cm?s~! at room temperature. The mean free path of a thermalized positron is

l+ = U4 Tph; (27)
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where 7,, is the relaxation time of phonon scattering. The mean free path of
positron in metals is usually in the order of nanometers.

During its lifetime positron explores mean volume of A2 Ly in the sample.
The quantity A, is the positron wavelength and L, is the mean diffusion length
of positron. The wavelength of a thermalized positron can be calculated as

27h 293[K]
A = ~ 5.2 .
+nm] m*ug ° T[K]

(2.8)

The mean diffusion length L, is defined as the mean distance which positrons
travel from the point of their thermalization to the place of annihilation during
their lifetime 77. It can be expressed as

L+ =\ D+T[. (29)

The mean positron diffusion length in metals is in the order of hundreds nanome-
ters. Hence, volume explored by a positron during its lifetime in the sample
contains about 107 atoms.

The positron wavelength A, in condensed matter is always larger than the
interatomic distance. Therefore, positrons in condensed matter behave as waves
and we speak about delocalized or free positrons. The annihilation rate of
positrons in condensed is proportional to overlap of the electron and positron
density [4]

A\ = mrich_, (2.10)

e

where 7. is the classical electron radius, ¢ is the velocity of light and

n_ = /n+(r)n(r)7(n)d3r, (2.11)

where n(r) is the positron density, n_(r) is the electron density and y(n_) is
the enhancement factor.

The electron density n_(r) is a sum of squares of electron wavefunctions ¢_(r)
over all occupied states below the Fermi level Er

)= 3 P, (212

e, <Ep

where e; represents the energy eigenvalue of the ith-level.

Commonly used positron S sources have activity in the order of one MBq,
i.e. they emit on average one positron per microsecond. Since this time scale is
much longer than typical positron lifetime in condensed matter, there is only one
positron at certain time in the sample. Therefore, the positron density n(r) is
simply a square of the positron wavefunction

n(x) = [ ()] (2.13)

Attractive Coulombic interaction between positron and electrons induces en-
hancement of the electron density around the positron site. This effects is es-
pecially pronounced in metals where local enhancement of the valence electron



density leads to a significant increase in the positron annihilation rate. The en-
hancement factor y(n_), which is a function of the electron density, is introduced
to take this effect into account.

Therefore, the quantity n_ can be understood as the effective electron density
which affects positron. Inverse of the annihilation rate is called positron lifetime

T= (2.14)
Typical values of positron lifetime are in range from 100 to 300 ps for delocalized
positrons in metals.

Positrons are positively charged, therefore, they are electrostatically repelled
by positive ions in crystal lattice. Hence, open-volume defects, e.g. vacancies and
clusters of vacancies, represent regions with lower potential for positron. If the
potential well at the site of defect is deep enough, positron can form localized
state with lower energy than that of delocalized one.

The positron binding energy Ep to defect is defined as difference between the
energy eigenvalues for these two states. Binding energies of positrons trapped
in monovacancies are typically in the order of a few eV [B, [6, [7, [8]. Positrons
trapped in open-volume defects have longer lifetime than delocalized ones due to
lower local electron density in such defects.

2.5 Positron lifetime spectroscopy

The positron annihilation rate is proportional to the overlap of the electron
and positron density as shown in equations and (2.11). Hence, all positrons
annihilate with the same annihilation rate in homogeneous defect free sample
because overlap of the electron and positron densities is the same for all of them.

Let n(t) denote the probability that a positron at time ¢ is still present in the
sample and has not been annihilated yet. At the moment of implantation t = 0
the probability has value n(0) = 1. The n(t) for a defect-free material will then
decrease with increasing time t according to the equation

dn(t)
dt

= —Agn(t), (2.15)

where A is the annihilation rate of a delocalized positron in the studied material.
The probability n(t) is therefore

n(t) = e 8t (2.16)

However, the probability n(t) is not directly accessible in experiment. Instead,
a positron lifetime spectrometer measures the time interval between emission and
annihilation of positrons. Since the annihilation events are related to decrease
of n(t), the spectrometer measures negative time derivative of n(t). An ideal
positron lifetime spectrum S,;; measured by a positron lifetime spectrometer with
perfect time resolution has form
dn(t)

Sld(t) = —7 = )\B€_>\Bt. (217)



Expected value of this distribution is the positron lifetime 75 = 1/\p.

Real positron lifetime spectrometers exhibit finite time resolution and record-
ed spectra contain background B from random coincidences. Hence, the real
lifetime spectrum can be described by the equation

S(t) = Si(t) * R(t) + B, (2.18)

where * denotes convolution and R(¢) is the resolution function of the spectrom-
eter which describes the response of the spectrometer to a prompt coincidence.
The resolution function is in practice usually expressed by sum of two or three
Gaussians.

The situation is more complicated in case of materials containing defects. Let’s
consider a material with one type of defects which can trap positrons. We will
denote ng(t) the probability that a positron is at time ¢ delocalized in the material
and np(t) the probability that a positron is at time ¢ trapped in defect. Therefore,
the probability that positron has not annihilated yet is n(t) = ng(t) + np(t).

A thermalized positron can annihilate either from the delocalized state or from
the trapped state at defect with the annihilation rates \g and A\p, respectively.
The transition rate from the delocalized state to the trapped state is given by the
trapping rate Kp.

A positron must undergo two distinct processes before it forms a localized
state at defect: (i) positron diffusion to the vicinity of defect, (ii) quantum tran-
sition from the delocalized to the localized state. Therefore, there are two limit
cases:

1. Transition-limited regime: the mean distance between defects is smaller than
the mean positron diffusion length L,. Hence, the diffusion time from the place
of thermalization to the location of defect can be neglected and the positron trap-
ping rate is determined by the transition rate from the delocalized to the localized
state. Trapping at monovacancies with sufficiently high concentration represents
a typical example of this regime.

2. Diffusion-limited regime: the positron trapping rate is limited by diffusion
of positrons to the vicinity of defects when the mean distance between defects
is substantially larger than L. This case typically occurs when positrons are
trapped at grain boundaries or in larger precipitates.

In general case neither diffusion nor transition time can be neglected and both
positron diffusion and transition rate must be taken into account.

A simple trapping model (STM) was developed to describe the positron ki-
netics in the transition-limited regime [9, 10, II]. This model is based on the
following assumptions:

1. only thermalized positrons can be trapped
2. detrapping does not occur

3. space distribution of defects in material is uniform

Under these assumptions we obtain the following kinetic equations governing



the time evolution of ng(t) and np(t)

dnp(t) — —\rn — n
d;ﬁ@) et o (2.19)
= —Apnp(t) + Kpng(t).

The assumption that only thermalized positrons can be trapped means that all
positrons are in the delocalized state after thermalization and the initial condi-
tions have the form

np(0) =1, np(0) = 0. (2.20)

The solution of the system of differential equations (2.19) with corresponding
initial conditions ([2.20) can be written as

Kp - o (2.21)
n t —= e DU e ( B+KD)t .
o(t) AB+KD—Mf )
The ideal positron lifetime spectrum has two components in this case
d t t
Sld(t) _ (TLB( ) + nD( )) — Il)\le—)qt + [2)\26_)\2t, (222)

dt

where the positron lifetimes 7 and the relative intensities I of each component
are

1 1
T = = —
TN M+ Ko

11
Ty — — — ——
D VERDYS (2.23)
L=1-1

Kp

[2: .

As + Kp — Ap

The concentration of defects in the sample can be calculated from measured
trapping rate Kp according to the equation
cp = ﬁ, (2.24)
VD
where the constant vp is the specific trapping rate which is characteristic for each
type of defect.

The first component in the equation corresponds to annihilation of free
delocalized positrons. The apparent annihilation rate \; is higher than A\g be-
cause free positrons are not only annihilated but also trapped at defects with the
trapping rate Kp. Therefore, the lifetime 7; and the intensity I; corresponding
to the free positron component decrease with increasing concentration of defects.

The second component comes from annihilation of positrons trapped at de-
fects. Its lifetime 7 is the same as the lifetime of positrons trapped at defects.
In contrast to 71, the lifetime of the second component 7 does not depend on
the concentration of defects. The intensity of the second component I, increases
with increasing concentration of defects.



In a material with very high concentration of defects, the trapping rate Kp
becomes significantly larger than Ap. In this case practically every positron is
trapped just after thermalization and so called saturated positron trapping occurs.
The lifetime 71 and the intensity I; of the first component become essentially zero
and the spectrum exhibits single component with lifetime 7p. Furthermore, it is
not possible to determine the concentration of defects only to estimate a lower
limit of defect concentration from the lowest intensity /; which is detectable by
a particular positron lifetime spectrometer.

The applicability of STM can be simply validated by testing the following
relation

Tgl = /\B :]1)\1+12/\2. (225)

If it does not hold then STM cannot be used because some of its assumptions are
violated.

2.6 Coincidence Doppler broadening of positron
annihilation radiation

The energy and the momentum conservation implies that at least two an-
nihilation photons must be created during annihilation of the electron-positron
pair. For two photon annihilation, two anti-parallel photons are emitted. As the
probability of emission of three or more photons is much smaller than that of two
photon annihilation [12], these cases will be not discussed further.

Thermalized free positrons in condensed matter have negligible kinetic en-
ergies compared to surrounding electrons. Hence, the momentum of annihilat-
ing electron-positron pair is determined by the electron which annihilates the
positron. Non-zero momentum of the electron-positron pair in the laboratory
frame leads to a Doppler shift AE of the measured energy of annihilation pho-
tons

1
AFE = SCPL, (2.26)

where p;, is the momentum component of the electron-positron pair in the direc-
tion of emitted photons.

Therefore, the annihilation peak located at the energy of 511 keV is broadened
by Doppler shift and its shape is defined by the one-dimensional projection of elec-
tron momentum distribution into the axis connecting the sample and the detector.
The highest Doppler shifts are caused by annihilation with core electrons which
posses high momentum. The momentum distribution of core electrons is unique
for each chemical element. Therefore Doppler broadening of positron annihila-
tion radiation carries information about chemical composition around positron
annihilation sites.

In the conventional Doppler broadening spectroscopy energy of only single
annihilation photon is measured. This simplifies the experimental setup but also
limits achievable peak-to-background ratio. On the other hand, in the coinci-
dence Doppler broadening spectroscopy (CDB) two detectors are used and ener-
gy of both annihilation photons are recorded. In CDB spectrometer only events
where annihilation photons were simultaneously detected in both detectors are
recorded. This so-called coincidence measurement leads to drastic reduction of
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background (typically by three orders of magnitude) which enables observation
of rare annihilations by high momentum core electrons.

Annihilations with low momentum conduction electrons contribute to cen-
tral region of the annihilation peak. High momenta of core electrons lead to a
significant Doppler shift and annihilations with them create tails of the annihi-
lation peak. Open-volume defects exhibit generally lower electron density than
defect-free bulk material.

However, the decrease of the core electron density is larger than that of con-
duction electrons because core electrons are localized near nuclei while conduction
electrons can move more freely. Therefore, the annihilation peak becomes nar-
rower as the fraction of positrons trapped in defects increases.

A simple analysis of shape of the annihilation peak can be performed using
the line shape parameters S and W. The sharpness of the peak is described by S
parameter which is defined as relative area of the central part of the peak. Wings
of the peak are represented by the W parameter which is defined as relative
area of the peak tails. The S parameter represents a measure of the fraction
of positrons annihilating with conduction electrons while the W parameter is a
measure of the fraction of positrons annihilating with core electrons.

There are no exact rules for choosing the boundaries of regions used for cal-
culation of S and W parameters. Instead the boundaries are usually chosen to
maximize the observed variations of the parameters between measured samples.
The area corresponding to the S parameter is typically set to one half of total
peak area. The area for calculation of the W parameter is on the other hand
selected to contain mainly annihilations of core electrons. Usual values of W
parameter are in the order of percents of total area.

Absolute values of the S and W parameters do not have physical meaning
because they are dependent on the choice of the area boundaries. Only their
relative changes are meaningful. The S parameter generally increases while the
W parameter decreases with increasing concentration of defects in material.

The changes in shape of the annihilation peak can be more precisely studied by
using the ratio curves. These curves are constructed by dividing the annihilation
peak of the measured material point by point by that of a well defined reference
material. The ratio curve is even function so only one half corresponding to the
positive Doppler shifts is usually shown. The advantage of using ratio curves over
the S and W parameters is that one can clearly see in what momentum region
the annihilation peak shapes differ.

11



3. Introduction to quasicrystals and
Mg-7Zn-Y system

3.1 Quasicrystals

Ordered crystal lattices are usually associated with translation symmetry
which imposes certain constraints on symmetry axes in crystals. Namely space
can be filled without gaps or overlaps with units exhibiting 2,3,4 and 6-fold ro-
tational symmetries while preserving the translation symmetry. However, X-ray
diffractograms with icosahedral five-fold symmetry axis were observed in 1984 by
Shechtman et al. in a rapidly cooled Al-Mn alloy [13].

Five-fold and higher than six-fold rotational symmetries are forbidden in crys-
tals because they fail to transform lattice into itself [I4]. However, space can be
tiled in these 'forbidden’ symmetries by aperiodical tiling of multiple elementary
units. Famous example of such tiling is the Penrose tiling of two-dimensional
plane by two rhombic units with different vertex angle shown in figure [3.1] Thick
rhombi have vertex angle of 72° and thin ones 36°.

Figure 3.1: Penrose tiling [22].

The Penrose tiling exhibits reflection symmetry and five-fold rotational sym-
metry but lacks any translational symmetry. Hence, it is impossible to define
a finite unit cell for the Penrose tiling. This can be also seen from the irra-
tional ratio of the number of thick to thin rhombi which is equal to the golden
ratio ¢ = %5 Therefore, no finite unit cell with this ratio of rombi can be
constructed.

12



Analogically, three dimensional tiling with icosahedral symmetry can be con-
structed using five units shown in figure [3.2] [15].

;’ \\ ¥/

A

</ R
N N

D E

Figure 3.2: Canonical units of 3D icosahedral tiling [15].

Alternatively, quasicrystalline structure can be described by the projection
method [16]. As an example, we will demonstrate this method on one-dimensional
quasicrystal. Let’s consider a square lattice and two two-dimensional Cartesian
coordinate systems with axes X;, X, and X, X,;. A lattice with the lattice
parameter a lies in the X7, X5 coordinate system which is rotated by the angle
with respect the second coordinate system X and X, see figure .

The axis X is called physical or parallel space and represents the physical
dimension of our one-dimensional quasicrystal. The second axis X, is called
additional or perpendicular space. To determine the positions of quasicrystal
lattice sites, square lattice sites inside so-called projection tube are projected onto
the physical axis X. The projection tube forms a strip of width [ = a(cos #+-sin 6)
parallel to the axis X.

On the physical axis, the sequence of long distances L = acosf and short
distances S = asin @ between the lattice sites is created. The sequence of the long
and short distances forms the infinite Fibonacci word, sometimes called rabbit
sequence (sequence A005614 in On-Line Encyclopedia of Integer Sequences [17]).

The projection technique can be extended to higher dimensions, /N dimension-
al quasicrystals can be described by using N physical and N additional dimen-
sions. Therefore, three-dimensional quasicrystal can be interpreted as projection
of a six-dimensional periodical lattice into the three-dimensional space.

The projection technique can be also used for description of excitations of the
quasicrystal lattice[I6]. The density of quasicrystal can be expressed as

ple) = [ plomle)de.. (3.1)

where p(r) is the density of a six dimensional hypercrystal and n(r,) represents
the projection tube. The density of quasicrystal in the physical space can be
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expanded into the Fourier series

p(r)) = poexp(iQr), (3.2)
Q

where Q are vectors of the reciprocal lattice of a six-dimensional hypercrystal.
Distortions of p(r) lead to appearance of additional phases Fy(r) in equation
(3.2) which can be decomposed into parallel and perpendicular directions

Fo(r) = Qu(r) + Quw(r), (3.3)

where vectors fields u(r) and w(r) describe phonons and phasons respectively.

Phonons cause elastic deformations of the quasicrystalline lattice. On the
other hand, phasons change local configurations in physical space to such which
are forbidden in defect-free quasicrystals. These configurations are physically
realized by atomic displacements which may involve numerous jumps of individual
atoms. FExistence of phasons is a consequence of additional degrees of freedom
introduced in the projection formalism.

Since plastic deformation of crystalline material proceeds by dislocation mech-
anism, it is dependent on the motion of dislocations. However, Burgers dislocation
vectors in quasicrystals always contain a phason component. Hence, reordering
of atoms is needed for dislocation movement and mobility of dislocations in qua-
sicrystals is very limited at temperatures below 600 °C. At higher temperatures,
diffusion of the atoms in quasicrystal becomes significant and enables efficient
movement of dislocations.

Clean surfaces of quasicrystals maintain aperiodic structure and exhibit low
surface energy, only ~ 25% higher than that of teflon, due to presence of pseu-
dogap in the electron density of states [16].

The majority of quasicrystalls was discovered in the form of single phase
materials [I8, [19, 20]. Recently, quasicrystalline icosahedral precipitates were
observed in Mg-Zn-RE alloys [21]. Unique structure of these precipitates attracts
attention because it could improve mechanical properties of magnesium alloys.
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Figure 3.3: Construction of one-dimensional quasicrystal by the projection
method. 6 - angle between two coordinate systems X, X, and X, Xy; [ -
width of the projection tube [I6].

3.2 Mg-Zn-Y system

The Mg-Zn-Y system attracts attention due to recent discovery of a stable
quasicrystalline phase MgsZngY; which exhibits icosahedral symmetry [23, 24
25|. Icosahedral phase formed in this system is a thermodynamically stable phase
which is in thermodynamic equilibrium with the Mg matrix [23] 24].

Two limiting cases of the ternary Mg-Zn-Y system relevant for Mg alloys are
the binary systems Mg-Zn and Mg-Y. Their phase diagrams are plotted in figures
and One can see that the solubilities of Zn and Y in Mg are limited. The
maximal solubilities in Mg, which are reached at the eutectic temperature, are
2.4at.% and 3.75at.% for Zn and Y, respectively.

In addition to the icosahedral phase Mgs3ZngY, large number of crystalline
intermetallic phases was experimentally observed in the ternary Mg-Zn-Y system
[26, 27], see table

Two of these phases are closely related to the icosahedral phase. The Mg;Zn3
phase (sometimes referred as Mgs;Znyg [28]) can be considered as a 1/1 approxi-
mant of the icosahedral phase [29]. The Z-phase MgosY7Zng; was related to the
icosahedral phase as well since it can be described as interpenetrating icosahedral
clusters [30].

It was found out that the decisive factor governing the phase composition in
Mg-Zn-Y system is the ratio of Zn to Y (Zn/Y) content |31]. High Zn/Y ratios
(~10 in wt.%) result in a situation close to the binary Mg-Zn system and favor
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the formation of binary Mg;Zn3 phase. At intermediate Zn/Y ratios (5-7 in wt.%)
the icosahedral phase MgsZngY; is formed and the W-phase forms at low Zn/Y
ratios (below 1.5-2.5 in wt.%).

The upper limit for the temperature stability of the binary Mg-Zn phases in
the Mg-rich corner of the Mg-Zn-Y system can be estimated from the phase dia-
gram of binary Mg-Zn system. Since the eutectic temperature in Mg-Zn system
is 340°C, see figure 3.4 no binary Mg-Zn phases should be present in Mg-Zn-
Y-based alloys above this temperature. Investigations by differential thermal
analysis reported in literature suggest that icosahedral phase melts at ~ 450°C
[32] and the melting of W-phase occurs at ~ 510°C [33].
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Figure 3.4: Equilibrium phase diagram of the Mg-Zn system [34], 35| [36], 37].
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Figure 3.5: Equilibrium phase diagram of the Mg-Y system [38] 39, [40, 4T, 42].

Phase Pearson symbol, space group, Lattice parameters

structure type a (nm) b (nm) ¢ (nm) y (®)
MgosYs (€) cI58, 143m 1.1257
Mg, Y hP12, P63/mmc 0.6037 0.9752 120
MgY cP2, Im3m, B2 0.3796
YZn cP2,Im3m, B2 0.3578
aYZnp ol12, Imma 0.4504 0.7143 0.7664
BYZn, ?
YZnj3 oP16, Pnma 0.6690 0.4405 1.0111
Y3Zny; 0128, Immm 0.4388 1.2929 0.8871
Y13Zn5g (YZan) hP146, P63/mmc 1.428 1.40 120
YZns hP36, P63/mmc 0.8885 0.9201 120
Y,Zny hP38, P63/mmc 0.8911 0.8764 120
YZn|, t126, I4/mmm 0.8875 0.5192
Mg7Zn3 (Mgs1Znyq) 0l158, Immm 1.408 1.449 1.403
MgZn ?
Mg,Zn3 mC110, B2/m 2.596 1.428 0.524 102.5
MgZn, hP12, P63/mmm, C14 0.5253 0.8568 120
MgyZny cP39, Pm3, D8, 0.855
W _Mg3Y,Znj cF16, Fm3m 0.683
Z_Mg28Y7Zn65 P63/mmC 1.458 0.868 120
1 Mg3YZng Fm53 ag =0.519
HMg5Y15Zn79 Hexagonal 0.776 0.92 120
X_Mg12YZn ?

Table 3.1: Structure of binary and ternary phases present in Mg-Zn-Y system
[23, 25] [43], B0, 44, 29]. Adapted from [26].
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4. Experimental techniques

4.1 Hardness measurements

The knowledge of mechanical properties is crucial for applications of struc-
tural materials. Mechanical tests provide information about solid-solution and
precipitation hardening in a studied material. The Vickers indentation hardness
test provides smaller amount of information than the tensile or compression tests
but offers several advantages. It does not require specific sample shape and it is
virtually nondestructive method.

This allows us to repeatedly measure the hardness of a sample subjected to
heat treatment, e.g. after each step of isochronal annealing. Some other hardness
tests, such as Brinell test, produce large indentations and are not suitable for this
purpose.

High flexibility of Vickers test allows its use for both soft and hard materials
including practically every metal. Results of Vickers hardness test are reported
in unit known as Vickers Pyramid number (HV). Measurement is performed by
pressing a pyramid diamond indenter with square base and angle of opposing
faces of 136° into polished sample by the force F'. Imprint of the diamond tip
with length of diagonals d; and d5 is left on the surface after the test.

The hardness number HV is calculated by dividing the force F' applied to the
indenter in kilogram-force (kgf) by area the A of the resulting indentation imprint
in mm?

F

HV = 2. (4.1)

The area A is determined from optical measurement of the length of imprint
diagonals

d2
A= ————— 4.2
2sin(136°/2)’ (42)
where d is the arithmetic mean of the diagonals d; and d>. Hence,
2Fsin(136°/2 1.8544F
HY - sin(136°/2) - 85 (4.3)

d? a7

where F'is given in kgf and d in mm. To convert HV value to SI units, force must
be converted from kilogram-force to newtons by multiplying it by the standard
gravity go — 9.80665 ms~2, i.e. 1 kfg — 9.80665 N.

The yield strength of a non-work-hardening material can be estimated from
HV value expressed in SI units [45]

Oy = —. (4.4)

Vickers hardness numbers are usually written in form zHVI/t, where x is the
hardness number, HV denotes Vickers hardness scale, [ indicates the load used in
kgf and ¢ is the loading time. Abbreviated form xHVI, where loading time ¢ is not
explicitly stated, is commonly used when the loading time ranges from 10 to 15
s. To obtain correct results, surface of the sample has to be flat and polished. The
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indentations should have spacing of at least 2.5 times of the indentation diameter
to avoid testing in the work-hardened region around neighboring indentation.

A microhardness tester Struers Duramin 300 was used for measurement of
the Vickers hardness in the present work. At least ten indentations were made
into each sample to improve the accuracy of measurement and to estimate the
variance of measured hardness.

4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to characterize the microstruc-
ture of studied alloys. SEM images were taken by a FEI Phenom microscope
which has a detector of back-scattered electrons and by a Tescan SEM Mira I
equipped with a detectors of secondary and back-scattered electrons and a de-
tector of characteristic X-rays which was employed for local chemical analysis of
studied samples by energy-dispersive X-ray (EDX) spectroscopy.

Back-scattered electrons are produced by elastic backward scattering of pri-
mary electron beam. Elements with higher atomic number scatter the primary
electron beam more than lighter elements. Therefore, SEM images captured by a
detector of back-scattered electrons exhibit so called Z-contrast where locations
containing heavier elements are represented by lighter color.

Example SEM image of Mg-Zn alloy showing Z-contrast is shown in figure
Since zinc has higher atomic number (30) than magnesium (12), zinc rich
areas are lighter than zinc poor regions. Yttrium has even high atomic number
(39) than zinc. Hence regions enriched by yttrium appear even brighter.

High contrast between Mg matrix and secondary phases rich in alloying ele-
ments allows us to estimate their volume fraction. Firstly, gray-scale images were
converted to binary black-and-white scale. Careful adjustment of the conver-
sion threshold level is necessary to produce accurate results. Finally, the volume
fractions of zinc and yttrium-rich phases are calculated from relative fractions of
white pixels in the black-and-white image. Multiple images of the same alloy were
processed to average the volume fraction over larger area of sample. This proce-
dure not only improves accuracy of measurement but also allows us to estimate
the variance of the volume fraction value.
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Figure 4.1: SEM image of as-cast Mg4Y26Zn alloy.

4.3 X-ray diffraction

X-ray diffraction is well-established experimental technique used to identify
phases present in studied samples and to determine their lattice parameters.
The positions of peaks in X-ray diffractogram can be calculated from interplanar
distances dpy,; of crystallographic planes with Miller indices (hkl) according to the
Bragg’s law

nA = Zdhkl sin 9, (45)

where A is the wavelength of used X-ray radiation and n is the order of diffraction
which is assumed n = 1 for X-ray diffraction. Hence, interplanar distance djy,
can be determined from peak position using the expression

A
2sin6’

The X-ray diffraction spectra were measured on Panalytical X’Pert PRO MRD
diffractometer fitted with copper anode in the symmetrical Bragg-Brentano ge-
ometry. A pseudo-Voigt profile function was used to fit the peak positions 6 in
the spectra measured using this laboratory machine.

In situ measurements of X-ray diffraction of synchrotron radiation were per-
formed at the beamline P07 at DESY, Hamburg. Samples of as-cast alloys in
shape of cylinder with a diameter of 3 mm were placed in a graphite crucible
with steel cap. The vertically-oriented graphite crucible was heated by radio
frequency induction heating.

The temperature of the sample was measured by a type S thermocouple which
was attached to the steel cap by resistive spot welding. High energy of prima-

dhkl = (46)
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ry X-ray beam 87.1 keV (A = 0.142 A) enabled measurement of XRD in the
transmission geometry. The diffraction pattern was recorded using 2D Marb55
flatpanel detector from Marresearch.

The modified dilatometer Béahr DIL 805 A /D was used for the in situ XRD in-
vestigations of ECAP-processed samples and for the compression tests. The setup
was very similar to one used for the in situ studies of the as-cast samples, just the
graphite crucible was placed in a horizontal orientation inside the dilatometer.
X-ray synchrotron radiation with an energy of 100 keV (A = 0.124 A) was used
for these studies and 2D diffraction patterns were recorded by Perkin Elmer XRD
1621 detector.

4.4 Positron lifetime spectroscopy

A 22NayCOs5 positron source with activity of 1.5 MBq deposited on a 2um
Mylar foil was used for positron lifetime spectroscopy. A digital positron lifetime
(LT) spectrometer with excellent time resolution of 155 ps, expressed as FWHM
of the resolution function, was used for all measurements. A scheme of the LT
spectrometer is shown in figure [4.2] and detailed description of its operation is
given in references [46, [47].

The digital L'T spectrometer employs two detectors consisting of a BaF; scin-
tillator crystal attached to a Hamatsu H3378 photomultiplier (PMT). Anode sig-
nal from PMTs is passively split. The main part of the signal is directly digitized
by a pair of fast 8-bit digitizers Acqiris DC211 with the sampling rate of 4 GHz.
The second part is used to ensure that measurement proceeds in coincidence.

Signal in coincidence circuit is firstly amplified by a fast amplifier HP MSA-
0204 and then inverted by an inverting transformer (IT) Ortec IT 100. The invert-
ed signal is connected to a constant fraction differential discriminator (CFDD)
Ortec 583 which produces logic pulse when a pulse from the detector arrives.

To provide the timing information independent of the pulse height, threshold
level is dynamically adjusted to given fraction of the pulse height for each pulse
on the input of the discriminator. Hence, the logic pulse is emitted by CFDD
when the input signal reaches e predefined fraction of its own height.

Passively summed output of both CFDDs is connected to external trigger
input of the master digitizer. To ensure that only events where gamma photons
were detected in both detectors in coincidence are digitized, the trigger level is
set to such value that only sum of logic pulses from both CFDDs can fire the
trigger.

During the measurement, the waveforms are digitized and stored on external
hard-drive. The LT spectra are calculated offline from acquired data after the
measurement by a dedicated software routine [48]. Decomposition of LT spectra
into exponential components was performed by a least square fitting procedure,
see figure |4.3|

A real LT spectrum contains not only components originating from positron
annihilations inside the measured sample but also of several additional compo-
nents. These additional components come from inevitable positron annihilations
in the source and were determined by measurement of a reference well-annealed
sample of pure Mg.
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The reference lifetime spectrum is composed of a single sample component
with a lifetime of 225 ps and two source components. Shorter component with
lifetime of 368 ps and intensity of ~ 8% represents a contribution of positrons
annhilated in the ?2NayCO3 source spot. The longer component with lifetime
1.8 ns and intensity ~ 1% is a result of ortho-positronium formation in the cov-
ering Mylar foils.

Anode 22Na source-sample sandwich  Anode
out out
0.7 [ passive Hamatsu Hamatsu passive | 0.6
— splitter — H3378 H3378 — splitter [
Det 1 o5 Det 2
0.3 shielding 0.4
Fast amplifier Fast amplifier
HP MSA-0204 HP MSA-0204
Inverting Inverting
transformer transformer
| ORTEC IT 100 ORTEC IT 100
ﬂns ﬁ_qns |
CFDD
_I—\_ Passive _I—‘_ CFDD
ORTEC 583 splitter ORTEC 583
Blocking P Blocking
out out
““““ Trig.
J—‘—LLlevel Ext.
trigger
Input| Acqiris DC211 Acgiris DC211 Input
digitizer (master) digitizer (slave)
Acgqiris crate ) TopC

controller CC103

Figure 4.2: A scheme of a digital positron lifetime spectrometer.
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Figure 4.3: Fitted LT spectrum of WE43 alloy modified by addition of 26 wt.%
of Zn (WE43+26Zn).

4.5 Coincidence Doppler-broadening spectroscopy

An analog spectrometer with the resolution of 1.0 keV (FWHM at 511 keV)
was used for the coincidence measurement of Doppler broadening of annihilation
radiation. Its scheme is shown in figure Since achieving outstanding energy
resolution is critical for CDB spectrometer, it contains two high-purity germanium
(HPGe) detectors, Ortec GEM35190 and GEM35P. Height of the signal generated
on the output of the HPGe detector is proportional to the energy of detected
photon.

Pulses from HPGe detectors have short leading edges but long exponentially
decaying tails. Spectroscopic amplifiers (SA) are used to amplify the signal and
shape it into a pseudo-gaussian shape. The time constant of shaping was set to
4 ps. The amplitudes of shaped pulses are digitized by analog-to-digital converters
(ADC) Canberra 8713 and resulting values are stored in a computer.

The measurement in coincidence, i.e. recording only events when photons
are detected in both detectors simultaneously, is ensured by a coincidence circuit
which consists of constant fraction discriminators (CFD) and time-amplitude con-
verter (TAC) combined with single channel analyzer (SCA). The outputs of HPGe
detectors are connected to CFDs which provide timing information independent
on the pulse heights and produce logic pulses on the output. The start input of
TAC is directly connected to one CFD while logic signal of the second CFD is
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passed through ~250 ns delay and led to the stop input of TAC.

TAC produces output signal with amplitude directly proportional to the time
difference between the start and stop signals on its inputs. The signal from TAC
is lead into the built-in SCA which serves for precise setting of the coincidence
condition. SCA emits logical pulse only if the signal from TAC falls into pre-
determined time-window. SCA is connected to the gate inputs of ADCs which
regulate which signals are digitized and sent to the computer. Only those events
where a logical pulse is present at the gate input are recorded.

CDB spectrometer measures the energies F; and Fs of both annihilation pho-
tons. Two-dimensional (2D) CDB spectrum can be constructed by plotting the
sum of these energies versus their difference. As an example, 2D CDB spectrum
of a well-annealed magnesium is shown in figure 4.5|

The energies F, and FE, of the annihilation photons can be expressed as

E
E1 :mec2—TB+AE
5 (4.7)
E2 = m602 — 7 — AE,

where m, is electron rest mass, ¢ is speed of light, Ez is the binding energy of
annihilated electron and AFE is the Doppler shift from equation (2.26]).
The sum of energies F; and Es is constant

B, + By, — 2m.c* = —Ep. (4.8)

Hence, in the ideal case, this sum should produce the delta function at the energy
—FEp. However, finite resolution of the spectrometer leads to smearing of the delta
function and the resolution function of the spectrometer can be observed in a real
spectrum.

The subtraction of Ey from F; allows us to extract the Doppler shift AE and
cancel other terms in equation ({4.7)

E, — Ey = 2AE. (4.9)

It has to be noted, that only longitudinal component of the momentum in the
direction of emitted photons contributes to the measured Doppler shift.

Therefore, the cut of 2D CDB spectrum along the line E; + Ey — 2m.c* =
0 gives us Doppler broadened profile of the annihilation peak while resolution
function of the spectrometer can be determined from the cut along the line E; —
E5 = 0. Both cuts generated from the 2D CDB spectrum in figure [4.5| are shown
in figure 4.6|
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Figure 4.4: A scheme of CDB spectrometer.
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Figure 4.5: 2D CDB spectrum of a well annealed magnesium, the total statistics
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5. Results

5.1 As cast alloys

5.1.1 Samples

Ingots of WE43 (Mg-Y-Nd-Zr based alloy), WE43 alloy modified by addition
of 11 wt.% (WE43+4-11Zn), 14 wt.% (WE43+14Zn) and 26 wt.% (WE43+26Zn)
of Zn and three ternary Mg-Zn-Y alloys (Mg3Y6Zn, Mg4Y23Zn and Mg4Y26Zn)
were prepared by squeeze casting. Composition of studied alloys determined by
chemical analysis is shown in in table [5.1]in wt.% and in table [5.2]in at.%.

Zn Y | Nd | Zr | Gd Mg
WE43 - 2.95 | 2.48 | 0.30 | 0.15 | balance
WE43+117Zn | 10.90 | 1.80 | 0.73 | 0.28 | 0.12 | balance
WE43+147Zn | 13.80 | 3.06 | 1.04 | 0.29 | 0.10 | balance
WE43+267n | 25.82 | 3.02 | 1.16 | 0.27 | 0.17 | balance

Mg3Y6Zn 581 | 3.19 | - - - | balance
MgdY237Zn | 23.1 | 3.59 | - - - | balance
MgdY26Zn | 26.0 | 3.87 | - - - | balance

Table 5.1: Chemical composition of studied alloys in wt.%.

Zn Y | Nd | Zr | Gd Mg
WE43 - 0.84 | 0.44 | 0.08 | 0.02 | balance
WE43+117Zn | 4.46 | 0.54 | 0.14 | 0.08 | 0.02 | balance
WE43+147Zn | 5.83 | 0.95 | 0.20 | 0.09 | 0.02 | balance
WE43+267Zn | 11.95 | 1.03 | 0.24 | 0.09 | 0.03 | balance

Mg3Y6Zn 230 | 093 | - - - balance
MgdY237Zn | 104 | 1.18 | - - - | balance
MgdY26Zn | 12.0 | 1.31 | - - - | balance

Table 5.2: Chemical composition of studied alloys in at.%.

5.1.2 Mechanical properties and phase composition

Microstructure of studied samples was examined by SEM. Obtained images
are shown in figures [5.2] to Phases enriched by Zn and Y are preferentially
formed at grain boundaries in all studied alloys alloys. SEM images were used
to determine volume fraction of the grain boundary phase (GBP) in each alloy,
results are shown in table 5.3

As-cast WE43 alloy exhibits the lowest volume fraction of GBP and has dif-
fuse areas with higher concentration of alloying elements along grain boundaries.
Lamellar GBP, which can be clearly seen in figure is formed in WE43+14%Zn
and WE434-26Zn alloys. The Mg3Y6Zn alloy has the second lowest volume frac-
tion of GBP out of studied alloys. The GBP has lamellar structure and in ad-
dition, small rod-shaped particles are dispersed in the Mg matrix, see figure
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The GBP of Mg4Y23Zn and Mg4Y26Zn alloys is composed of two distinct phases:
bright phase with lamellar structure and solid gray phase. According to results
presented in table the volume fraction of GBP significantly increases by the
addition of Zn.

The mechanical properties of the studied samples were characterized by Vick-
ers hardness test. The measured values are shown in table Alloys with higher
volume fraction of GBP exhibit also higher hardness. Hence, the studied alloys
are hardened by GBP. Indentations of HVO0.1 test, with a load of 0.1 kgf, are
large enough to cover matrix and GBP at the same time. On the other hand,
when the load is decreased to 25 gf corresponding to HV0.025 test, it is possible
to measure the hardness of matrix and GBP practically separately.

Optical micrographs of the indentations shown in figure demonstrate the
smaller indentation size of the HV0.025 test (figure [5.1B) when compared to the
HVO0.1 test (figure [5.1A). Hence, HV0.025 measurements revealed that GBP is
substantially harder than the Mg matrix, see table 5.5

vol. frac. of GBP (%)
WE43 1.8£0.1
WE43-+147n 9.8£0.7
WE43-+26Zn 25.1£0.8
Mg3Y6Zn 45+0.3
MgdY237Zn 257+ 1.6
MgdY267Zn 389+0.6

Table 5.3: The volume fraction of GBP in the studied alloys

HV0.1
WE43 87 L2
WE43+147n | 94 42
WE43+26Zn | 125 + 4
Mg3Y6Zn | 67+ 1
MgdY23Zn | 99 + 1
MgdY26Zn | 142 + 4

Table 5.4: The hardness of studied alloys in the as-cast state

| WE43 | WE43+147Zn | WE43+26Zn
- 101+5 120 £+ 2
157 +£6 195 + 10

HVO0.025 - Matrix
HV0.025 - GBP

Table 5.5: Comparison of hardness of the matrix and GBP

Laboratory XRD measurement was used to determine the phase composition
of WE43-based alloys. Obtained diffractograms are shown in figures and
b.13l Following phases except the Mg matrix were identified: tetragonal phase
Mgy Nds; face-centered cubic (FCC) Mg;Zng phase; FCC MgzZnsY, W-phase;
FCC MgsNdp4Yoe O1-phase and icosahedral phase MgsZngY;. The icosahedral
phase is present in WE43+147Zn and WE43+26Zn alloys but not in the plain
WEA43 alloy without addition of Zn.
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The peak positions in the diffractograms were determined by fitting by pseudo-
Voigt functions. The lattice parameters of the phases calculated from fitted po-
sitions of peaks are shown in table Since the icosahedral phase Mg3ZngY;
cannot be simply characterized by a lattice parameter, only interplanar distances
were calculated. Comparison of the obtained results with the interplanar dis-
tances measured by selected-area electron diffraction (SAED) [49] is shown in
table The values of the interplanar distances obtained by XRD and SAED
are in good agreement.

The phase composition of ternary Mg-Zn-Y alloys was examined by syn-
chrotron X-ray diffraction. The details are discussed in section [5.2.3] It was
found that in addition to the Mg matrix the Mg3Y6Zn alloy contains only the
FCC W-phase (MgsZnsYs) phase while the Mg4Y23Zn and MgdY26Zn alloys
contain the icosahedral phase Mg3ZngY; as well as the FCC Mg;Zn3 phase. The
phase composition of studied alloys is in good agreement with the expectations
based on their Zn/Y ratios, see section

WE43 WE43+14Zn | WE43+126Zn
Zn/Y ratio 0 4.5 8.5
Mg 7Zns - fec - - a — 14.107(9) A
MgsZnsY, - fec - a = 6.854(5) A -
MgsNdo4Yoe - fec | a = 7.487(5) A - -
Mg, Nd; - tetragonal | a = 14.87(3) A - -
¢ = 10.14(2) A - -

Table 5.6: The lattice parameters of the identified phases and the Zn/Y ratios of
WE43-based alloys.
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WE43+14Zn | WE43+14Zn | WE43+26Zn | WE43+26Zn
XRD (A) SAED (A) XRD (A) SAED (A)
ila | 6.495(8) - 6.49(2) -
ilb | 6.14(2) 6.18(9) 6.063(9) 6.1(2)
?? - 3.82(3) - 3.74(7)
i2a | 3.389(2) 3.384(2) -
i2b | 3.272(5) 3.30(8) 3.277(5) 3.20(6)
i3a | 2.34848(3) 2.36(2) 2.3556(4) -
i3b - - 2.34160(5) 2.32(2)
i4 | 2.2780(3) - 2.2899(4) -
i5 | 2.1503(8) - 2.1501(4) -
i6a | 2.06911(3) 2.03(2) 2.0769(3) -
i6b - - 2.0640(5) -
i7a | 1.9986(3) 1.91(3) 2.01(5) -
i7h - - 1.9863(7) 1.96(3)
i8a | 1.7956(3) - 1.8134(7) -
i8b | 1.7735(7) - 1.7740(8) -
i9a | 1.45115(4) 1.48(1) 1.45045(8) -
i9b - - 1.4457(7) 1.43(1)
110 - - 1.415(1) -
i11 | 1.2793(3) 1.26(1) 1.2762(3) -
i12 1.10(1) - 1.1028(1) -
i13 | 0.9398(1) - 0.94005(7) -

Table 5.7: A comparison of the interplanar distances measured by XRD and

SAED in the icosahedral phase MgsZngY; in WE43-based alloys.
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Figure 5.1: A comparison of the indentations after hardness test of WE43+267Zn
alloy: A - matrix (HV0.1), B - GBP (HV0.025).
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Figure 5.2: SEM image of as-cast WE43 alloy.
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Figure 5.4: SEM image of as-cast WE43+26Zn alloy.
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Figure 5.5: SEM image of as-cast WE43+26Zn alloy, detail of GBP.
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Figure 5.6: SEM image of as-cast Mg3Y6Zn alloy.
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Figure 5.8: SEM image of as-cast Mg4Y23Zn alloy.
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Figure 5.9: SEM image of as-cast Mg4Y23Zn alloy, detail.
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Figure 5.10: SEM image of as-cast MgdY26Zn alloy.
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Figure 5.11: SEM image of as-cast MgdY26Zn alloy, detail.
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Figure 5.12: X-ray diffractograms of WE43-based alloys, 26 = 10 - 80°. | - Mg
matrix; + - Mgy Nd; tetragonal phase; o - MgsNdg4Yo6 fcec phase; x - Mg;Zns
fce phase; w - MgsZnsY, fec W-phase; i - MgsZngY icosahedral phase.
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Figure 5.13: X-ray diffractograms of WE43-based alloys, 260 = 80 - 150°. | - Mg
matrix; + - Mgy Nd; tetragonal phase; o - MgsNdg4Yo6 fcc phase; x - Mg;Zng
fce phase; w - MgsZngY, fec W-phase; i - MgsZngY icosahedral phase.
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5.1.3 Defect studies

Results of LT investigations performed on studied as-cast alloys are shown
in table Plain WE43 as well as Mg3Y6Zn alloy exhibit a single component
LT spectrum with lifetime 7 which agrees well with the bulk positron lifetime of
magnesium 75 ~ 225 ps [50]. Hence, the as-cast WE43 and Mg3Y6Zn alloys have
lower concentration of defects than the detection threshold of positron lifetime
spectroscopy.

On the other hand, WE43-based alloys with addition of zinc together with
Mg4Y23Zn and MgdY26Zn alloys exhibit two component L'T spectra. First com-
ponent comes from annihilation of free positrons and its lifetime is shortened when
compared to the bulk lifetime according to equation by positron trapping.
Lifetime of the second component 7, ~ 300 ps corresponds to annihilation of
positrons trapped at vacancy-like defects.

Since the defect component with lifetime 75 ~ 300 ps is present only in alloys
containing icosahedral phase it can be attributed to vacancy-like misfit defects
associated with the quasicrystalline particles of icosahedral phase. It should be
mentioned that the lifetimes of the positrons trapped at the open volume misfit
defects at interfaces between semicoherent or incoherent crystalline precipitates
and a-Mg matrix typically fall in the range 250-260 ps [50} 51].

However, the lifetime 7, corresponding to positrons trapped at vacancy-like
defects associated with the interface between the I-phase and the o-Mg matrix
is remarkably higher, which testifies to the specific structure of the low-energy
interfaces between the quasicrystalline particles and the o-Mg matrix.

The existence of vacancy-like defects associated with the interface between the
quasicrystalline phase and the o-Mg matrix is also supported by high-resolution
transmission electron microscopy (HRTEM) observations [52], which revealed
that, in order to retain the coherency between the I-phase and the o-Mg ma-
trix, steps or ledges are introduced periodically along the interface. Vacancy-like
defects are probably located at these steps along the interface

Applicability of STM for analysis of obtained results was checked by calculat-
ing the bulk lifetime 75 according to the equation (2.25)). Calculated values of 75
match the bulk positron lifetime of magnesium ~ 225 ps. Therefore, the assump-
tions of STM are fulfilled here and it can be used to estimate the concentration
of defects in the as-cast WE43-based alloys modified by addition of zinc.

The trapping rate Kp calculated according to equation (2.23)) is proportional
to density of defects in studied material, see equation . Knowledge of spe-
cific trapping rate vp is needed for calculation of actual concentration of defects.
The value of vp for misfit defects is not known. However, the value of positron
specific trapping rate of vacancies, which usually in metals falls into the range
vp = 101-10" s7! [53], can be used as its estimate. The value vp = 104s~!
at the lower limit of this range was used to estimate the concentration of misfit
defects in Mg6Zn alloy. There are two reason to choose such value:

(i) the open volume of misfit defects is slightly lower than the open volume
of a monovacancy in magnesium matrix. This is also testified by shorter life-
time of positron trapped at misfit defects. The reduced volume of the misfit
defects decreases the cross section for positron trapping when compared to the
mMonovacancy.
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(ii) relatively low density of valence electrons in the interatomic regions leads
to a lower positron binding energy to vacancy than in dense metals with higher
electron density in the lattice. Hence, the specific positron trapping rate can
be expected to be in the lower part of the range of specific trapping rates for
vacancies in metals.

Resulting concentrations of misfit defects are presented in table 5.8

m(ps) | i (%) | 72 (ps) | 12 (%) | 75 (ps) | cp (107°)
WE43 223.9(3) | 100 - - - -
WE43+11Zn | 201(2) | 67(3) | 296(5) | 33(3) | 225(3) | 5.3(3)
WE43+147Zn | 187(2) | 58(2) | 302(3) | 42(2) | 223(3) | 8.5(2)
WE43+26Zn | 192(4) | 56(3) | 302(4) | 44(3) | 229(4) | 8.9(3)
Mg3Y6Zn | 225.1(2) | 100 - - - -
MgdY237Zn | 217.5(6) | 95.0(6) | 300(5) | 5.0(6) | 220.5(7) | 0.6(2)
MgdY26Zn | 212.9(5) | 91.7(5) | 298(4) | 8.3(5) | 218.1(6) | 1.0(5)

Table 5.8: Results of LT measurements of WE43-based and Mg-Zn-Y alloys.

CDB ratio curves of studied as-cast alloys are shown in figures and
Since the contribution of valence electrons which form chemical bond is negligible
in the high momentum region, the measured ratio curve p related to a well-
annealed Mg can be expressed as a linear combination

p=1—=Fp)&nmgn+EznBPznB + Ev.apy.B + ENdBPNLE) +
+ Fp (Emg.pprign +Ezn,0pzn,0 + Ev,ppy.p + ENa.pPNaD +
+ &2r0PzrD + EGa.DPGAD)-

(5.1)

The symbol Fp denotes the fraction of positrons trapped at the defects. The
symbol pyy represents the ratio curve (with respect to a well annealed Mg) of
element X and Y stands for annihilation of free positrons (B) or for annihilation
of positrons trapped at defects (D). The coefficient £y y represents the weight for
corresponding ratio curve. These coefficients fulfill the normalization conditions

EmgB+ &z + &+ ENap =1

5.2
Emg,p +Ezn,p + &y, +ENa,p +E2r0 + Ecap = 1. (5:2)

Since the Zr and Gd content of WE43-based alloys is very low, the contribution
of Zr and Gd electrons to annihilation of free positrons will be negligible. Hence,
the ratio curves pz, g and pgqp were omitted from the equation (5.1)) ro reduce
the number of free parameters.

The reference ratio curves of Mg, Zn, Y and Nd are shown in figures [5.16
[6.17, [6.18 and [5.19, respectively. Measurements of well-annealed and cold-rolled
Mg, Zn, Y and Nd samples were used to obtain reference ratio curves for each
element. The reference ratio curves determined from measurements of cold-rolled
Zr and Gd samples are plotted in figure . While the ratio curves pag B, Pzn.B,
py, and pygp can be measured directly on the well-annealed samples, the ratio
CUrves pParg,np, PzZn,D, PY,Ds; PNd,Ds PZr.D and PGd.D need to be extracted from a
measurement of cold-rolled samples.

The ratio curve for annihilation of free positrons in Mg pas4 p related to well
annealed magnesium is pygep = 1. Therefore, the ratio curve of cold-rolled
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magnesium related to well annealed magnesium can be expressed as
p=(1—Fp)+ Fppuygp- (5.3)

where F'p is the fraction of positrons annihilated at defects which was determined
by LT measurement of the cold-rolled Mg sample. The ratio curve p of cold-rolled
Zn related to well-annealed Mg can be written as

p=1—=Fp)pznp+ Fppznp- (5.4)

where F'p is the fraction of positrons annihilated at defects which was determined
by LT measurement of the cold-rolled Zn sample. The reference ratio curves py p,
PNd.Ds Pzrp and pgqp can be determined from the ratio curve of cold rolled Y,
Nd, Zr and Gd analogically.

Measured CDB ratio curves of studied alloys were fitted by a model expressed
by equation (5.1)). The fitted fractions of positrons trapped at defects Fp and
coefficients € obtained from fitting are shown in table As an example, fitted
ratio curve of WE43+4147n alloy, including all components of the fit, is shown
in figure Plain WE43 alloy does not contain any zinc. Therefore, the
coefficients £z, p and £z, p were fixed at zero value in the fit of the ratio curves
of WEA43 alloy.

In the WEA43 alloys modified by addition of zinc, certain amount of zinc is
dissolved in the Mg matrix. Presence of Zn in solid-solution is testified by a
shift of Mg reflections in X-ray diffractograms shown in figures [5.12] and [5.13]
The shift with respect to the plain WE43 alloy is the same for WE43+14Zn and
WE43-+26Zn alloys. It suggests that the saturated solid solution of Zn in Mg
matrix was formed. Hence, the parameter £z, p was fixed at the value of 2.3%
which corresponds to the maximum solubility of Zn in Mg, i.e. 2.3 at.%, to reduce
the number of free fitting parameters.

A sharp peak in the ratio curves located at 8x10~2 myc corresponds to the
annihilation of positrons by electrons of Y and Nd, cf. figures and .19 On
the other hand, a broad peak centered at 18 x 1073 mgc represents the annihilation
of positrons by 3d electrons of Zn, cf. figure [5.17

The fraction of positrons annihilated by Nd and Gd in the plain WE43 alloy
obtained from fitting is significantly higher than the average concentration of Nd
and Gd in the WE43 sample. Hence, certain fraction of positrons must annihilate
from localized state at Nd and Gd-rich particles. Most likely candidates are finely
dispersed precipitates of Mg, Nds phase which were identified in WE43 alloy by
XRD, see table Since no Gd-rich phases were detected by XRD the plain
WEA43 alloy, a substantial fraction of Nd atoms in the Mg, Nd5 phase has to be
substituted by Gd in these precipitates.

However, the LT spectrum of WE43 alloy contains only single component
with lifetime ~ 225 ps. Therefore, there are most likely no open-volume defects
related to Mgy Nd5 but positron localization occurs inside Mgy, Nd; precipitates
beause they have higher absolute value of positron affinity than Mg matrix. Since
the measured lifetime is very close to the bulk lifetime of defect-free Mg of ~
225 ps, the lifetime of positrons trapped at Mgy Nd5 particles is likely close to
the lifetime of defect-free Mg. Hence, the positron trapping in WE43 alloy can
be only detected by CDB measurements which revealed enhanced contribution of
positron annihilations with Nd electrons.
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According to the results of the fit presented in table 5.9 WE43-based alloys
modified by addition of Zn show notably enhanced concentration of Zn and Y
in the vicinity of defects. This further supports the hypothesis that vacancy-like
defects are associated with Zn and Y-rich icosahedral phase MgsZngY.

CDB ratio curves of ternary Mg-Zn-Y alloys have similar shape as ratio curves
of WE43-based alloys modified by addition of Zn. The intensity of broad peak
centered around 18x 1072 myc which represents the annihilations by 3d electrons
of Zn increases with increasing Zn content in ternary alloys. This is expected as
the volume fraction of Zn-rich eutectic significantly increases with increasing Zn
content of Mg-Zn-Y alloys, see table [5.3]

Narrow peak located at 8 x1072 mgc is most pronounced in Mg4Y?23Zn alloy,
which out of studied ternary alloys has the ratio of Zn/Y content closest to
the optimum for creation of icosahedral phase (5-7 in wt.%) [31]. However, the
contribution of annihilations with electrons of Y is also enhanced in Mg3Y6Zn
alloy. This suggest, that the positron trapping occurs also in the particles of W-
phase due to its higher positron affinity in absolute value when compared to the
Mg matrix. Since, the Mg3Y6Zn alloy exhibits single component LT spectrum
with lifetime which agrees well with the bulk lifetime of Mg, open-volume misfit
defects are not created at the interface of W-phase Mgs;Zn3;Ys, with Mg matrix.

| &zn | &viB | énvaB | &2np | &vip | Enap | E2rD | deD | FD

S
WEA3 - 0 8(5) 0151(1) ~ 1 0(2) | 30(2) [ 10(2) | 60(2) | 14(1)
WE43+14Zn | 2.3 Fix | 1.0(5) | 0.2(1) | 19(3) | 30(3) | - - - 16(1)
WE43+26Zn | 2.3 Fix | 1.0(5) | 0.2(1) | 54(4) | 46(4) | - : - 16(1)

Table 5.9: Results of CDB measurements of WE43-based alloys. Values are shown
in %. Adapted from appendix [A]
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Figure 5.14: CDB ratio curves (related to well-annealed Mg) of WE43-based
alloys. Open circles - measured data; lines - fit. Adapted from appendix [A]
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Figure 5.15: CDB ratio curves (related to well-annealed Mg) of Mg-Zn-Y alloys.
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Figure 5.16: Reference ratio curves (related to well-annealed Mg) for ratio curves
of free positrons annihilated by Mg electrons pyry p and positrons trapped at
defects and annihilated by Mg electrons parg p.
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Figure 5.17: Reference ratio curves (related to well-annealed Mg) for ratio curves
of free positrons annihilated by Zn electrons pz, p and positrons trapped at de-
fects and annihilated by Zn electrons pz, p.

44



14 ¢

12 F

IS N R YRS SR R S

10— ——— _______________________________

ratio to well-annealed Mg

08 :

06 f .

9

04 ° Pyp o % -

[ ! @ oo o B C’oD‘:’ o ]

i ° pY'B o4 @° B:

02t .
0 10 20 30 40 50

p (10° myc)

Figure 5.18: Reference ratio curves (related to well-annealed Mg) for ratio curves
of free positrons annihilated by Y electrons py p and positrons trapped at defects
and annihilated by Y electrons py p.
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Figure 5.19: Reference ratio curves (related to well-annealed Mg) for ratio curves
of free positrons annihilated by Nd electrons pyg4p and positrons trapped at
defects and annihilated by Nd electrons pygp-
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Figure 5.20: Reference ratio curves (related to well-annealed Mg) for ratio curves
of positrons trapped at defects and annihilated by Zr electrons pz, p and by Gd
electrons pgq.p-
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5.2 Heat treated alloys

5.2.1 Microstructure and mechanical properties

The effect of different cooling rates was investigated on isothermally annealed
WE43-+11Zn and MgdY26Zn alloys. Two samples of each alloys were annealed
at 500°C for 1 hour, one was quenched into water of room temperature (Q) while
the second one was slowly cooled down within the furnace (SC). SEM images of
the annealed samples are shown in figures to

The grain boundary phase (GBP) melts during isothermal annealing at 500°C.
Samples at this temperature are in a semi-solid state where solid grains of Mg
matrix are surrounded by liquid melt with high Zn and Y content. The cooling
rate has a crucial role in the development of the microstructure of the annealed
samples. A high cooling rate during quenching results in GBP with finely spaced
lamellas. On the other hand, a slow cooling generally produces GBP with much
coarser structure.

5.2.1.1 WE43+11Zn alloy

The SEM images of WE43+11Zn alloys were analyzed to study the changes
in the microstructure after isothermal annealing at 500°C. The mean grain size
D, spacing of lamellas in GBP A and the net fraction of GBPs fspp and the
relative portion of icosahedral phase f;_pn.se in GBP were determined.

The results are shown in table[5.10] The grain size of the WE43+11Zn alloy in-
creases from ~ 44 ym to approximately ~ 100 um during the annealing. Although
the grain size is practically the same in the quenched and slowly cooled samples,
the morphology of GBP is markedly different. GBP in the quenched sample of
WE43-+11Zn alloy forms almost contiguous network along grain boundaries and
has very fine lamellar structure, see figures and [5.23]

On the other hand, thick lamellas develop during slow cooling of WE43+-117n
alloy. Furthermore, massive precipitation of secondary phases occurs inside the
Mg matrix, see figure As a result of isothermal annealing at 500°C, fopp
slightly decreases in both quenched and slowly cooled samples. However, the
fraction of icosahedral phase MgsZngY, substantially increases at the expense of
W-phase Mg37Zn3Ys.

State | D (um) | A (um) | fonp (%) | fr-phase (%)

as-cast 44(5) 1-2 12.6(2) 33(5)
500°C/Th Q | 98(5) | 0.2:0.4 | 8.5(5) 96(3)
500°C/1h SC | 102(5) | 510 | 9.7(5) 81(4)

Table 5.10: Results of SEM measurements of WE43-+11Zn samples annealed at
500°C: D - mean grain size, A - spacing of lamellas in GBP, fopp - the net fraction
of GBP, fr_phase - the relative fraction of icosahedral phase in GBP.

5.2.1.2 Mg4Y26Zn alloy

The Microstructure of Mg4Y26Zn alloy after isothermal annealing of at 500°C
for 1 hour was examined by SEM. The quenched sample exhibits finely structured
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lamellar GBP with occasional bright particles, see figures and On the
other hand, GBP in the slowly cooled sample of Mg4Y26Zn alloy is composed
of thick bright lamellas and a compact gray phase, see[5.28] Closer examination
reveals that the gray phase is not solid but has extremely fine lamellar structure
and in some places there are coarser gray particles, see figure [5.29

The chemical composition of phases present in the slowly cooled and quenched
samples of MgdY26Zn alloy was examined by EDX. The results are shown in
tables and The regions which were analyzed by EDX are marked by
letters in figures and [5.29] The measured EDX spectra are plotted in figures

5.301 to 5.371

Region State Description Zn (wt.%) | Y (wt.%) | Mg (wt.%)
A 500°C/1 h Q Mg matrix 8.1 - balance
B 500°C/1 h Q Dense eutectic 47.1 - balance
C 500°C/1 h Q Coarse eutectic 44.8 5.6 balance
D 500°C/1 h Q | Flower-shaped particle 58.9 11.0 balance
E 500°C/1 h SC Mg matrix 8.1 - balance
F 500°C/1 h SC Bright lamella 65.1 13.7 balance
G 500°C/1 h SC Gray phase 50.1 - balance
H 500°C/1 h SC Gray particles 43.0 - balance

Table 5.11: Results of EDX measurements of MgdY26Zn alloys annealed at 500°C.
The concentrations are given in wt.%. The analyzed regions denoted by letters

A—H are shown in figures and

Region State Description Zn (at.%) | Y (at.%) | Mg (at.%)
A 500°C/1 h Q Mg matrix 3.2 - balance
B 500°C/1 h Q Dense eutectic 24.9 - balance
C 500°C/1 h Q Coarse eutectic 245 2.3 balance
D 500°C/1 h Q | Flower-shaped particle 39.7 5.5 balance
E 500°C/1 h SC Mg matrix 3.2 - balance
F 500°C/1 h SC Bright lamella 49.3 7.7 balance
G 500°C/1 h SC Gray phase 27.5 - balance
H 500°C/1 h SC Gray particles 21.6 - balance

Table 5.12: Results of EDX measurements of Mg4Y26Zn alloys annealed at 500°C.
The concentrations are given in at.%. The analyzed regions denoted by letters

A—H are shown in figures and

The Mg matrix of quenched MgdY26Zn alloy (region A) contains Zn but the
Y concentration is below the detection limit of EDX. The measured concentration
of Zn in Mg matrix is higher than the maximum solubility of Zn in Mg (2.4 at.%,
see figure . Hence, some small precipitates of binary Mg-Zn phases must be
present in the Mg matrix. These precipitates are however too small to be visible
in figure GBP with denser structure (region B) is free of Y and rich in Zn.
According to the EDX analysis, we can conclude that it is composed of binary
Mg-Zn phase.

On the other hand, GBP with slightly coarser structure (region C) contains
Y. Therefore, in this part of GBP also the icosahedral phase MgsZngY is present.
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The highest concentration of Y in the quenched Mg4Y26Zn alloy was identified
in the flower-shaped particle (region D). However, the measured concentration of
Y in this particle is significantly lower than the Y concentration of 10at.% cor-
responding to the pure icosahedral phase MgsZngY ;. Hence, the particle is most
likely not composed of pure icosahedral phase but contains also some fraction of
binary Mg-Zn phases.

The concentration of Zn in the Mg matrix of the slowly cooled MgdY26Zn
alloy (region E) is also higher than the solubility of Zn in Mg. However, contrary
to the quenched alloy, the precipitates of the Mg-Zn binary phases are large
enough to be visible in the SEM micrograph, see figure [5.29,

Bright lamellas of GBP (region F) enriched by Zn are the solely phase in
slowly cooled Mg4Y26Zn which also contains Y according to EDX analysis. These
lamellas can be identified as icosahedral phase since their composition is close to
the nominal composition of the icosahedral phase MgsZngY;. The composition
of the gray phase (region G) matches the Mg;Zn3 phase. Coarser gray particles
are most likely also composed of Mg;Zn3 phase but the presence of Mg matrix in
their vicinity slightly lowers measured concentration of Zn.

5.2.1.3 Isochronnal annealing of WE43-based alloys

WE43-based alloys were isochronally annealed in steps 20 K/20 min to in-
vestigate the development of the mechanical properties with increasing annealing
temperature. The results are presented in figure [5.38

In general, hardness gradually decreases with increasing annealing tempera-
ture due to coarsening and dissolution of precipitates which leads to softening
of studied alloys. However, there are two notable hardening peaks at ~ 160°C
and ~ 440°C. The origin of the peak at ~ 160°C which is most prominent in
the WE43+26Zn alloy is most likely precipitation of some binary Mg-Zn phase.
Similar peak, albeit at higher temperature (~ 220°C), was observed in binary
Mgbwt.%Zn alloy [54].

An increase of hardness after annealing at temperatures higher than 400°C
is caused by changes in the morphology of GBP. At these temperatures, GBP
present along grain boundaries in WE43-based alloys modified by addition of Zn
starts to melt.

The temperature and melted volume depend on the concentration of Zn in
the alloy. Higher concentration of Zn leads to lower melting point and increases
the volume fraction of the melt. Indeed, one can see in figure that the
hardening occurs at lower temperature in WE43+-267Zn alloy and is shifted to
higher temperatures in WE43+4147Zn and WE43+11%Zn alloys.
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Figure 5.22: SEM image of WE43+11Zn alloy annealed at 500°C for 1 h and
quenched.
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Figure 5.23: SEM image of WE43+11Zn alloy annealed at 500°C for 1 h and
quenched, higher magnification.
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Figure 5.24: SEM image of WE43+117Zn alloy annealed at 500°C for 1 h and
slowly cooled.
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Figure 5.25: SEM image of WE43+11Zn alloy annealed at 500°C for 1 h and
slowly cooled, higher magnification.
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Figure 5.26: SEM image of Mg4Y26Zn alloy annealed at 500°C for 1 h and
quenched.
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Figure 5.27: SEM image of Mg4Y26Zn alloy annealed at 500°C for 1 h and
quenched, higher magnification. Letters denote regions analyzed by EDX.
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Figure 5.28: SEM image of Mg4Y26Zn alloy annealed at 500°C for 1 h and slowly
cooledl.
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Figure 5.29: SEM image of Mg4Y26Zn alloy annealed at 500°C for 1 h and slowly
cooled, higher magnification. Letters denote regions analyzed by EDX.
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Figure 5.30: EDX spectrum of the region A in MgdY26Zn alloy annealed
at 500°C for 1 h and quenched.
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Figure 5.31: EDX spectrum of the region B in Mg4dY26Zn alloy annealed
at 500°C for 1 h and quenched.
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Figure 5.32: EDX spectrum of the region C in Mg4Y26Zn alloy annealed
at 500°C for 1 h and quenched.

Figure 5.33: EDX spectrum of the region D in [5.27 Mg4Y26Zn alloy annealed
at 500°C for 1 h and quenched.
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Figure 5.34: EDX spectrum of the region E in [5.29] Mg4Y26Zn alloy annealed
at 500°C for 1 h and slowly cooled.
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Figure 5.35: EDX spectrum of the region F in Mg4Y26Zn alloy annealed
at 500°C for 1 h and slowly cooled.
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Figure 5.36: EDX spectrum of the region G in [5.29] Mg4Y26Zn alloy annealed
at 500°C for 1 h and slowly cooled.

Figure 5.37: EDX spectrum of the region H in Mg4Y26Zn alloy annealed
at 500°C for 1 h and slowly cooled.
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Figure 5.38: The development of hardness of WE43-based alloys subjected to
isochronal annealing. The arrows denote states measured by positron lifetime
spectroscopy. Adapted from appendix

5.2.2 Defect studies

The LT investigation were performed on the isothermally annealed WE43+11Zn
and Mg4Y26Zn alloys to study the the influence of heat treatment on vacancy-like
defects. The results are shown in table 5,13

The Mg4Y26Zn alloy annealed at 500°C for 1 hour and slowly cooled exhibits a
single component LT spectrum. Its lifetime 7; is in good agreement with the bulk
positron lifetime for Mg ~ 225 ps [50]. Therefore, the slowly cooled MgdY26Zn
alloy can be considered as a defect-free material within the sensitivity of positron
lifetime spectroscopy.

All other studied samples exhibit two component LT spectra. The lifetime of
the first component 7; corresponding to annihilation of free positrons is shortened
due to positron trapping at defects according to equation . The second
component with the lifetime 75 ~ 300 ps corresponds to annihilation of positrons
trapped at vacancy-like defects.

The bulk lifetime 75 was calculated according to the equation to check
the applicability of STM to the measured data. The calculated values of 75 for all
studied samples agree well with the bulk positron lifetime for Mg ~ 225 ps [50].
Hence, the assumptions of STM are fulfilled here and it can be used to calculate
the trapping rate Kp according to equation ([2.23)) and to estimate concentration
of defects according to equation ([2.24)).

The resulting values are presented in table The specific positron trapping
rate vp = 10 s™! was used to calculate the concentration of vacancy-like defects.
This value lies at the lower limit of 10*-10' s=! range for a specific positron

58



trapping rates to monovacancies in metals [53]. Reasons leading to selection of
this value are discussed in section [5.1.3

7 (ps) | (%) | 2 (ps) | T2 (%) | 7 (ps) | cp (107°)
WE43111Zn AC | 201(2) | 67(3) | 296(5) | 33(3) | 225(3) | 5.3(3)
WE43+11Zn Q | 212(5) | 73(9) | 280(10) | 27(9) | 227(7) | 3.2(4)
WE43+11Zn SC | 218(2) | 89(1) | 290(10) | 11(1) | 224(2) | 1.2(2)
MgdY26Zn AC | 212.9(5) | 91.7(5) | 298(4) | 8.3(5) | 218.1(6) | 1.0(5)
MgdY26Zn Q | 219.7(8) | 81.0(7) | 300(1) | 19.0(7) | 231(1) | 2.6(4)
MgdY26Zn SC | 225.7(5) | 100 - - - -

Table 5.13: Results of positron lifetime measurements of WE43+411Zn and
MgdY26Zn alloys in as-cast state (AC) and after annealing at 500°C for 1 h
finished by quenching (Q) or by slow cooling (SC).

The concentration of vacancy-like defects in WE43+11Zn alloy decreases after
annealing although the heat treatment at 500°C increased the portion of icosa-
hedral phase in GBP, see section [5.2.1] This is caused by the fact that most of
finely dispersed precipitates of icosahedral phase present in the Mg matrix of the
as-cast WE43+117n alloy dissolved during annealing.

The volume fraction of GBP in WE43+411Zn, where the portion of icosahedral
phase significantly increased, is not high enough to compensate for the reduction
of positron trapping at vacancy-like defects associated with the finely dispersed
precipitates inside the Mg matrix. Hence, the total fraction of trapped positrons
decreases in samples of WE43+11Zn alloy annealed at 500°C for 1 hour. This
decrease is more pronounced in the slowly cooled sample where the thick lamellar
structure of GBP further reduces interface area of icosahedral phase and Mg
matrix.

The quenched Mg4Y26Zn alloy exhibits substantially larger concentration of
vacancy-like defects than the as-cast sample. Although the precipitates of icosa-
hedral phase in the Mg matrix dissolve during the annealing at 500°C like in the
WE43-+11Zn alloy, the high volume fraction of grain boundary phase and its fine
lamellar structure causes an increase in the concentration of vacancy-like defects.

On the other hand, no positron trapping at defects was detected in slowly
cooled Mg4Y26Zn alloy. Thick lamellas of icosahedral phase clearly do not pro-
vide enough surface area for measurable trapping of positrons at vacancy-like
defects. Furthermore, we can conclude that binary the Mg-Zn phases present in
Mg4Y26Zn alloys do not have misfit defects at their interface with Mg matrix.

The CDB measurements of heat treated samples of MgdY26Zn alloy are shown
in figure [5.39. The narrow peak in the ratio curves located at the momentum
p ~ 8x1073 myc and broad peak centered at p ~ 18x107 mgc corresponds to
the annihilation of positrons by electrons belonging to Y and Zn, respectively, cf.
figures and

The contribution of Zn decreases after annealing at 500°C for 1 hour to similar
level for both quenched and slowly cooled samples. This is most likely due to
coarsening and decrease of the numerical density of Zn-rich precipitates inside
Mg matrix during the heat treatment at 500°C.

The sharp peak corresponding to annihilation by Y electrons is more promi-
nent in the quenched alloy. Enhanced contribution of Y in the quenched Mg4Y26Zn

59



alloy is caused by trapping of positrons at the vacancy-like defects associated with
Y contained in the icosahedral phase MgsZngY,. The peak at p ~ 8x1073 myc
is significantly less pronounced in the slowly cooled MgdY26Zn alloy since no
positron trapping occurs in this sample.

The results of positron lifetime measurements performed on isochronally an-
nealed WE43+11Zn alloy are shown in table The positron lifetime inves-
tigations were performed on selected states indicated in figure by arrows.
Applicability of STM was checked by calculating 75 according to the equation
(2.25) which was found to be in good agreement with the bulk positron lifetime
of magnesium ~ 225 ps [50].

The sample annealed at 160°C exhibits a two component LT spectrum. The
lifetime of the second component 7 = 278(9) ps is shorter by approximately
20 ps than the lifetime corresponding to the vacancy-like defects associated with
icosahedral phase. It has to be noted that positron trapping at open-volume
misfit defects with lifetime ~ 260 ps was observed in the binary Mgbwt.%Zn
alloy after annealing at 220°C [54].

Furthermore, the intensity of the second component I, significantly increased.
Hence, the measured lifetime is most likely an average of two components: the
first one with lifetime of ~ 300 ps comes from the vacancy-like defects associated
with icosahedral phase while the second one with the lifetime of ~ 260 ps is caused
by positron trapping at misfit defects of newly formed precipitates. These two
components cannot be separated due to limited resolution of the positron lifetime
spectrometer and only one component with average lifetime 7 = 278(9) ps was
observed.

Since the lifetime of the second component 75 is shorter than that for the
vacancy-like defects associated with icosahedral phase, we can assume that the
average specific positron trapping rate vp will be also slightly lower. As a rough
approximation, specific positron trapping rate for the vacancy-like defects was re-
scaled by multiplying it by the ratio of the average lifetime 278 ps and the lifetime
300 ps of the vacancy-like defects. Thus, the specific positron rate vp = 0.93 x
10 s7! was used to calculate the concentration of defects for WE43-+11Zn alloy
annealed at 160°C. One can see, that the concentration of defects, which is a sum
of the concentrations of vacancy-like defects and misfit defects, is approximately
two times higher than in the as-cast WE43+4-11Zn alloy.

The samples annealed at 300°C and 440°C exhibit two component positron
lifetime spectra with lifetime of the second component 7 ~ 300 ps which testifies
to presence of vacancy-like defects.

The intensity I, of the defect component decreased to 25-30%, i.e. the value
comparable to the as-cast sample. Hence annealing at 300°C caused coarsening
and /or dissolution of Mg-Zn precipitates and thereby disappearance of the misfit
defects associated with these precipitates. In the samples annealed at 300°C and
440°C positrons are trapped predominantly at vacancy-like defects associated
with icosahedral phase.

The concentration of vacancy-like defects associated with icosahedral phase
Mg3ZngY; was estimated by application of STM. Values of specific positron trap-
ping rate vp = 10 s7! was used for this calculation. Concentration of vacancy-
like defects decreases after annealing at 300°C and 440°C. This decrease can be
attributed to gradual coarsening and eventual dissolution of precipitates of icosa-
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hedral phase inside Mg matrix with increasing annealing temperature.

State | 7 (ps) | 1 (%) | 72 (ps) | I (%) | 78 (ps) | cp (1076)
as—cast | 201(2) | 67(3) | 296(5) | 33(3) | 225(3) | 5.3(3)
160°C | 180(10) | 48(4) | 278(9) | 52(4) | 220(8) | 10(1)
300°C | 203(9) | 70(5) | 298(7) | 30(5) | 224(8) | 4.7(7)
440°C | 210(10) | 75(5) | 300(10) | 25(3) | 227(9) | 3.7(5)

Table 5.14: Results of positron lifetime measurements of isochronally annealed
WE43+11Zn alloy.
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Figure 5.39: CDB ratio curves (related to well-annealed Mg) of heat treated
Mg4Y267Zn alloy.

5.2.3 In situ XRD studies during heat treatment

In situ measurement of XRD during linear heating and cooling with the rate
of change 5 K/min was used to study phase transformations in WE43-+14Zn
and ternary Mg-Zn-Y alloys. 2D XRD patterns of studied alloys in the as-cast
conditions are shown in figures to [5.43]

Separate reflection spots can be clearly observed due to relatively coarse grain
of the as-cast alloys. Continuous ring present in all images which is approximately
at the quarter of the distance from the center to the edge of the 2D image corre-
sponds to the (0 0 2) peak of graphite originating from the graphite crucible.

2D XRD patterns were azimuthally integrated to obtain 1D diffractograms.
The diffractograms of the samples in the as-cast condition are shown in figure
[5.44] Following intermetallic phases were identified in the as-cast alloys. As
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cast Mg3Y6Zn alloy contains only W-phase while the as-cast WE43+147Zn alloy
contains W-phase as well as icosahedral phase. Binary fcc Mg;Zns phase and
icosahedral phase are present in the as-cast Mg4Y23Zn and Mg4Y?26Zn alloys.

The results of in situ XRD investigations are presented in figures to
In order to compress the information contained in several hundred diffractograms
into one image, individual 1D XRD patterns are shown as horizontal lines and
their intensity was converted to color. The evolution of XRD patterns during
heat treatment is shown in the vertical direction.

The temperature stability of intermetallic phases was determined from the
measured XRD data for each alloy. The results are summarized in table [5.15]

State | W-phase | I-phase Mg 7Zn3g Z-phase | MgoZnj
WE43+147n | heating 435¢ 390¢ - - -
cooling |  425° 385° - - -
Mg3Y6Zn | heating 510¢ - - - -
cooling 510° - - - -
MgdY237Zn | heating - 425¢ 230°, 325% | 230¢, 325¢ -
cooling - 410° - - 305
MgdY26Zn | heating - 3900 | 245¢, 305% | 2457, 305¢ ;
cooling - 365° - - 295°
Table 5.15: Phase transformation temperatures of intermetallic phases in

WE43+147Zn and Mg-Zn-Y alloys obtained from in situ XRD studies. Indices
denote type of phase transformation: a - melting, b - solidification, ¢ - dissolu-
tion, d - precipitation, e - transformation of Z-phase to Mg;Zn3 phase.

During the heat up of the WE43-+147Zn sample, peaks corresponding to icosa-
hedral phase disappear when temperature exceeds ~ 390°C. At the same time, a
diffuse bump in the background signifying presence of a liquid phase appears. W-
phase remains present in the sample up to ~ 435°C. During the cooling, W-phase
and icosahedral phase form at ~ 425°C and ~ 385°C, respectively.

The only intermetallic phase present in the sample of Mg3Y6Zn alloy is W-
phase which melts and solidifies at ~ 510°C in this alloy.

Icosahedral phase and Mg;Zns phase are present in the as-cast MgdY?23Zn
alloy. While icosahedral phase is present up to ~ 425°C during the heat up,
behavior of binary Mg-Zn phases is more complicated. At first the Mg;Zn3 phase
transform to Z-phase at ~ 230°C. This phase stays in the sample up to ~ 325°C
where it transforms back to Mg;Zns which then melts practically immediately.
During the cooling, icosahedral phase appears at ~ 410°C and new binary Mg-
Zn phase solidifies at ~ 305°C. This phase is most likely the monoclinic MgyZng
phase [26].

Behavior of Mg4Y26Zn alloy is similar to the sample of Mg4Y23Zn albeit the
measured temperatures of phase transformations are slightly different, see table
b.15] Due to higher concentration of Zn, the peaks corresponding to binary Mg-
Zn phases are much more pronounced than in Mg4Y23Z7n alloy. Hence, the phase
transformation from Mg;Zn3 to Z-phase and back can be clearly seen in figure
.48

A position shift of diffraction peaks to lower diffraction angles occurs during
in situ heat treatment due to thermal expansion of crystal lattice. Heating and
cooling cycle creates the characteristic “V” shape which can be observed in figures
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to .48 The diffraction peaks corresponding to icosahedral phase exhibit
different behavior than other peaks. While the other peaks show almost linear
dependence of their position on temperature, the expansion of icosahedral phase
shows significant nonlinearity. This can be seen in the form of bent curves in
figures [5.45], [5.47] and [5.48

To obtain a quantitative measurement of this nonlinearity, positions of selected
diffraction peaks were fitted by pseudo-Voigt function. The relative expansion of
the Mg matrix, icosahedral phase and graphite crucible with respect to the room
temperature calculated from fitted positions is shown in figure [5.49

Thermal expansions of the Mg matrix and graphite crucible are approximately
linear with temperature. However, the icosahedral phase exhibits a strong non-
linearity in the thermal expansion around 310°C where the coefficient of thermal
expansion substantially increases.

Since the thermocouple used for temperature measurement in in situ XRD
experiments was placed on the steel cap of the crucible, the temperature was not
measured directly at the place where the primary beam penetrated into the stud-
ied samples. Therefore, the thermal expansion of graphite was used to determine
the actual temperature of the crucible.

Comparison of temperature measured by thermocouple and the temperature
calculated from thermal expansion of graphite (0 0 2) peak during the in situ
XRD measurement of WE43+14Zn alloy is shown in figure One can see
that the temperature calculated from thermal expansion of graphite is in very
good agreement with temperature measured by the thermocouple.

In addition to the in situ XRD investigations, differential scanning calorime-
try (DSC) measurements of as-cast WE43-based alloys with addition of Zn and
ternary Mg-Zn-Y alloys were performed with the heating rate of 5 K/min. The
DSC curves of of WE43+147Zn and WE43+26Zn alloys are shown in figure [5.51}

The DSC curve of WE43-+147n alloy contains endothermic peaks at tempera-
tures 330-360°C, ~ 420°C, ~ 445°C and ~ 505°C. First three endothermic peaks
are also present in the DSC curve of WE43+26Zn alloy but the peak at ~ 505°C
was not observed in WE43+-26Zn alloy. According to the results of differential
thermal analysis measurements reported in literature, icosahedral phase melts at
~ 450°C [32] and W-phase at ~ 510°C [33].

These temperatures are in good agreement with positions of last two endother-
mic peaks in WE43-based alloys with addition of Zn. Since as-cast WE43+267Zn
alloy does not contain W-phase, the peak at ~ 505°C should not be present in
WE43-+26Zn alloy. The endothermic peak at ~ 420°C coincides with melting
point of Zn (419.53°C) and it most probably comes from remnants of Zn which
were not dissolved or which segregated during casting. The group of peaks in the
330-360°C range likely comes from dissolution of Mg-Zn binary phases [55]. How-
ever, according to this interpretation, melting of icosahedral phase and W-phase
occurs at significantly higher temperature than those which were measured by n
situ XRD, see table [5.15

The DSC measurement of Mg3Y6Zn alloy up to 500°C did not reveal any
endothermic peak. This is in accordance with the results of in situ XRD mea-
surements where melting of W-phase occurred at ~ 510°C.

DSC curves of Mg4Y23Zn and MgdY26Zn alloys exhibit two endothermic
peaks. The first one is located at ~ 345°C in both alloys. The second peak
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occurs at ~ 430°C in Mg4Y26Zn alloy and at slightly higher temperature of
~ 450°C in Mgd4Y23Zn alloy. In addition, a small and broad exothermic peak
at ~ 275°C was observed in MgdY26Zn alloy. Only two processes which could
correspond to endothermic peaks were identified by in situ XRD investigations
in Mg4Y23Zn and Mgd4Y26Zn alloys: melting of Mg;Zn3 phase and melting of
icosahedral phase.

Since the melting of Mg;Zn3 phase occurs at lower temperature, it can by
assigned to the endothermic peak at ~ 345°C and the peaks at temperature
over 400°C are then associated with melting of icosahedral phase. The doublet
structure of DSC peak at ~ 345°C reflects the transformation of Z-phase back to
Mg,;Zn3 phase and subsequent melting of Mg;Zn3 phase which was observed by
in situ XRD. The broad peak exothermic peak at ~ 275°C likely originates in
the transformation of Mg;Zn3 phase to Z-phase.

As was the case for WE43+147Zn alloy, the temperatures of phase transi-
tions Mg4Y237Zn and MgdY26Zn alloys determined by DSC do not agree with
ones obtained by in situ XRD studies shown in table [5.15] The phase transfor-
mation temperatures determined by in situ XRD are systematically lower than
those measured by DSC. The precise temperature calibration of the DSC machine
makes systematic errors in temperature measurements of this degree very unlike-
ly. Hence, we can assume that the temperatures determined by DSC are correct
and the temperatures measured during in situ XRD investigations are too low.

Since it was confirmed that the temperature of graphite crucible matches the
temperature measured by thermocouple at the steel cap, see figure the only
plausible explanation is that the sample placed into the crucible is heated to
higher temperature than the crucible. Since sample heating during the in situ
XRD measurements was realized by induction heating it is likely that the sample
was heated to higher temperature than the crucible.

Cylindrical samples used here fitted only loosely to the graphite crucible.
Therefore, good thermal contact of the sample and the crucible was not guar-
anteed. Variations in thermal contact could also explain the scatter in phase
transformation temperatures determined by in situ XRD for different alloys.
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Figure 5.40: 2D diffractogram of as-cast WE43-+147n alloy. First three reflections
of the Mg matrix and the (0 0 2) reflection of graphite (C) are marked by the
arrows.

Figure 5.41: 2D diffractogram of as-cast Mg3Y6Zn alloy. First three reflections
of the Mg matrix and the (0 0 2) reflection of graphite (C) are marked by the
AITOWS.
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Figure 5.42: 2D diffractogram of as-cast Mg4Y23Zn alloy. First three reflections
of the Mg matrix and the (0 0 2) reflection of graphite (C) are marked by the
arrows.

Figure 5.43: 2D diffractogram of as-cast Mg4Y26Zn alloy. First three reflections
of the Mg matrix and the (0 0 2) reflection of graphite (C) are marked by the
AITOWS.
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Figure 5.44: 1D diffractograms of as-cast alloys studied by in situ XRD (A =

0.142 A). | - Mg matrix; i - icosahedral phase (MgsZngY,); w - W-phase
(MgsZn3Ys); + - Mgr;Zns; ¢ - graphite; o - Y5O3; h - YH,.
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Figure 5.49: Relative thermal expansion of WE43+14Zn alloy with respect to the
25°C calculated from in situ XRD data. Adapted from appendix
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Figure 5.50: The temperature of WE43+147n sample during heating and cooling
cycle used in in situ XRD measurement. The temperature measured by thermo-
couple is compared with temperature calculated from the shift of the peaks of
graphite crucible. Considering the thermal expansion coefficient of graphite a.
labeled “New calculation” in [56].

72



DSC (mW / mg)

—— WE43+26Zn

-0.5
—— WE43+14Zn I-phase
-06 [ ) L L ' 1 L L ' ) 1 L ' 1 L 1 ) ' 1
100 200 300 400 500

T(C)

Figure 5.51: DSC curves of the as-cast WE43-based alloys modified by addition
of Zn. Labels show phases which are associated with observed peaks in measured

curves.
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Figure 5.52: DSC curve of the as-cast Mg3Y6Zn alloy.
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Figure 5.53: DSC curves of the as-cast Mg4Y23Zn and MgdY26Zn alloys. Labels
show phases which are associated with observed peaks in measured curves.
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5.3 Alloys processed by ECAP

5.3.1

The microstructure of WE43+4-147n, Mg3Y6Zn and MgdY26Zn alloys was re-
fined by severe plastic deformation using equal channel angular pressing (ECAP)
[57]. The samples in the form of rods with dimensions 10 x 10 x 50 mm? were
repeatedly pressed through a die consisting of two perpendicular channels, see
figure [5.54

The angle between the entrance and exit channels of ECAP die was 90° and
no outer curvature of the channel was used. A back-pressure (BP) plunger was
applied during ECAP process to increase the hydrostatic pressure in order to
avoid fracturing of the sample. After each pass the billet was rotated by 90° prior
to next pass (so-called route B,) [58]. The ECAP die was preheated to tempera-
ture T = 140 or 200°C. The parameters of ECAP processing are summarized in
table [5.16

Samples

Alloy Notation T (°C) | Route | Nbr. of passes | BP (MPa)
WE43-+147n | WE43+147ZnE200 200 B. 1,2, 4 500
Mg3Y6Zn | Mg3Y6ZnE200 | 200 | B. 1,4 500
MgdY237Zn | MgdY23ZnE200 | 200 | B. 4 500
MgdY267Zn Mg4Y?26ZnE140 140 B. 4 500
MgdY26Zn | MgdY26ZnE200 | 200 | B. 4 500

Table 5.16: Parameters of ECAP processing of studied samples.

plunger

sample

ND PD
<&

pressed sample

Figure 5.54: Schematic illustration of ECAP facility. Labels show the directions
used for a preparation of SEM samples: ND - normal direction, PD - parallel
direction. Adapted from [59].
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5.3.2 Microstructure and mechanical properties

The microstructures of the samples processed by ECAP were examined by
SEM. Images of WE43+14ZnE200 sample after 1 pass are shown in figures [5.55
to 0.58] The microstructure of ECAP-deformed samples was examined in the
normal direction, i.e. in cuts perpendicular to the pressing direction, and in the
parallel direction, i.e. in cuts parallel with the pressing direction, see figure [5.54
One can clearly see that network of GBP is stretched in the direction of shear.
This effect is more pronounced in micrographs obtained in the parallel direction,
see figures and

Secondary phases are significantly more distorted in planes where localized
shear deformation occurred, see figures [5.55] and [5.56] Hence, particles of sec-
ondary phases can serve as a tracers of deformation during ECAP. Icosahedral
phase is broken into smaller pieces during ECAP due to its high brittleness, see
figure .58

Micrographs of Mg3Y6ZnE200 sample after 1 ECAP pass are shown in figures
to [5.60] The tracing effects of secondary phases is not very pronounced in
this sample due to their low volume fraction. Nevertheless, the W-phase which
is present in the Mg3Y6ZnE200 sample does not exhibit the brittleness of icosa-
hedral phase. This is testified by figure which shows bright particles of
plastically deformed W-phase.

SEM micrographs of samples Mg4Y26ZnE140 and Mg4Y26ZnE200 both after
4 ECAP passes are shown in figures to .64 The microstructure of both
samples is very similar despite the fact that they were processed by ECAP at
different temperatures. High strain imposed during ECAP processing leads to a
significant distortion of GBP in these samples.

Gray areas which correspond to binary Mg-Zn phases have crumpled appear-
ance. The Mg-Zn phases are ductile and can be significantly deformed without
cracking, this is best seen in figure which shows stretched regions of the
Mg-Zn phase. On the other hand, the brittle particles of icosahedral phase are
broken into many pieces and their morphology resembles broken bones, see figure
5.621

The temperature stability of mechanical properties of the WE43-+14ZnE200
sample after 1, 2 and 4 ECAP passes was studied by microhardness measure-
ment during isochronal annealing performed in steps 20 K/20 min. The results
are presented in figure The hardness of the WE43+14ZnE200 sample after
the first pass is significantly higher than the hardness of the as cast WE43-+14Zn
alloy, cf. table After second pass, the hardness of the WE43+14ZnE200 sam-
ple increases further but afterwards it saturates and the hardness after 4 passes
is practically equal to that after 2 passes. The hardness of WE43+147ZnE200
samples remains virtually constant during annealing up to 200°C.

A significant drop of hardness which occurs between 260 and 300°C is caused
by the recovery of dislocations and subsequent grain growth. One can see that
after annealing at 280°C, the hardness of samples subjected to 1, 2 and 4 ECAP
passes becomes approximately the same. Hence, we can conclude that annealing
at this temperature is sufficient to eliminate the differences in microstructure
which were produced by different numbers of ECAP passes.

Gradual decrease of hardness continues until a minimum is reached at 420°C.
At 440°C, the GBP present in the WE43+14ZnE200 samples already melts. Upon
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solidification, the molten GBP forms a network along grain boundaries, cf. figures
and [5.23] which strengthens the materials and causes the observed increase
in hardness. The volume fraction of melt increases with increasing annealing
temperature and the maximum of hardness was reached after annealing at 520°C.

APR 272012 12:15
q I 504 ym WE12Zn200BPN1#1

250pum

Figure 5.55: SEM image of WE43+14ZnE200 sample after 1 pass, the normal
direction.
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APR 272012 12:18

170um
q I 341 pm WE12Zn200BPN1#1

Figure 5.56: SEM image of WE43-+147ZnE200 sample after 1 pass, the normal
direction. The micrograph was taken with higher magnification than figure [5.55
and shows bands of localized deformation.

230pm

Figure 5.57: SEM image of WE43+147ZnE200 sample after 1 pass, the parallel
direction.
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Figure 5.58: SEM image of WE43+14ZnE200 sample after 1 pass, the parallel
direction. A detail of broken icosahedral phase.

210pm

4] 430 um Mg3_5Y6Zn05

Figure 5.59: SEM image of Mg3Y6ZnE200 sample after 1 pass, the normal direc-
tion.
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Figure 5.60: SEM image of Mg3Y6ZnE200 sample after 1 pass, the normal direc-
tion. A detail of deformed W-phase.

210pum

7 um Mg3_5Y35Zn01

Figure 5.61: SEM image of MgdY26ZnE140 sample after 4 passes, the normal
direction.
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Figure 5.62: SEM image of MgdY26ZnE140 sample after 4 passes, the normal

direction. A detail of broken icosahedral phase.
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Figure 5.63: SEM image of MgdY26ZnE200 sample after 4 passes, the normal

direction.
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Figure 5.64: SEM image of MgdY26ZnE200 sample after 4 passes, the normal
direction. A detail showing ductility of Mg-Zn phases in the zone of localized
deformation.
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Figure 5.65: The evolution of hardness of WE43-+14ZnE200 samples after 1, 2
and 4 ECAP passes during isochronal annealing.
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5.3.3 In situ XRD during compression test

A compression tests of the as-cast MgdY26Zn alloy and ECAP-processed
Mg4Y26ZnE140 sample after 4 ECAP passes were performed in order to elucidate
the influence of ECAP on mechanical properties of Mg4Y26Zn alloy. Cylindri-
cal samples with diameter of 5.4 mm and length of 10 mm were deformed at
140°C, which is the temperature used for production of MgdY26ZnE140 sam-
ple by ECAP. The compression was performed under a constant true strain rate
é = 0.001 s~ 1.

Resulting engineering stress-strain curves are plotted in figure Peri-
odic spikes in the stress-strain curves are an experimental artifact caused by
the hydraulic pump. Surprisingly, the as-cast Mg4Y26Zn alloy shows higher
yield stress (0g2 ~ 175 MPa) than the ECAP-processed MgdY26ZnE140 sample
(009 ~ 114 MPa).

On the other hand, the ECAP-processed MgdY26ZnE140 sample exhibits sig-
nificantly higher ductility and rupture was not reached up to the engineering
strain € = (.54 where the compression test was terminated. Slight decrease in
stress ¢ around € = 0.45 was most probably caused by a flow of the sample
out of dilatometer jaws. Lower strength of the ECAP-processed sample leads
us to the conclusion that grain boundary sliding occurs during compression of
the Mgd4Y26ZnE140 sample. It causes the decrease of the yield stress when
compared to the as-cast MgdY26Zn alloy as well as very high ductility of the
ECAP-processed sample.

2D diffractograms of the as-cast Mg4Y26Zn alloy recorded during the com-
pression test are shown in figures to[5.691 The force during the compression
test was applied in the horizontal direction with respect to the diffractograms. In
the undeformed Mg4Y?26Zn alloy, distinct diffraction spots can be observed due
to coarse-grained structure, see figure [5.67} During the deformation they gradu-
ally blend together (see figure until almost continuous rings are formed at
e = 0.30, see figure [5.69

The ECAP-processed MgdY26ZnE140 sample before deformation exhibits
continuous diffraction rings which testify to the small grain size achieved by
ECAP. The evolution of the diffraction pattern during the compression test is
much more subtle in this case. The intensity of (0 0 2) ring increases at the
3 o’clock and 9 o’clock positions while it decreases 6 o’clock and 12 o’clock po-
sitions. Hence, a preferential orientation of basal planes perpendicular to the
applied force develops in the Mg4Y26ZnE140 sample during the compressive de-
formation.

After the compression test, the microstructure of deformed samples was ex-
amined by SEM. Micrographs of as-cast MgdY26Zn alloy after the compression
test are shown in figures and [b.73] Large amount of cracks was formed dur-
ing the compressive deformation of Mg4Y26Zn alloy as a consequence of its low
ductility. These cracks are formed in the icosahedral phase (white) as well as in
the Mg;Zn3 phase (gray). On the other hand, the SEM micrographs of ECAP-
processed Mgd4Y26ZnE140 sample after the compression test in figures to
testify that no cracks were created in the samples during the compressive
deformation.
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Figure 5.66: Engineering stress-strain curves for a compression test of the as-cast
Mg4Y26Zn alloy and the ECAP-processed Mg4Y26ZnE140 sample at 140°C.

Figure 5.67: 2D diffraction pattern of the as-cast MgdY26Zn alloy before the
compression test. First three reflections of the Mg matrix are marked by the
arrows. Label F' denotes the direction of applied force.
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Figure 5.68: 2D diffraction pattern of the as-cast Mg4Y26Zn alloy during the
compression test at 140°C. The sample was deformed up to the strain ¢ = 0.09.
First three reflections of the Mg matrix are marked by the arrows. Label F
denotes the direction of applied force.

Figure 5.69: 2D diffraction pattern of the as-cast MgdY26Zn alloy during the
compression test at 140°C. The sample was deformed up to the strain ¢ = 0.30.
First three reflections of the Mg matrix are marked by the arrows. Label F
denotes the direction of applied force.
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Figure 5.70: 2D diffraction pattern of MgdY26ZnE140 sample before the com-
pression test. First three reflections of the Mg matrix are marked by the arrows.
Label F' denotes the direction of applied force.

Figure 5.71: 2D diffraction pattern of Mgd4Y26ZnE140 sample during compression
test at 140°C. The sample was deformed up to the strain ¢ = 0.48. First three
reflections of the Mg matrix are marked by the arrows. Label F' denotes the
direction of applied force.
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SEM MAG: 500 x Date(m/dly): 10/21/13 Digital Microscopy Imaging n

Figure 5.72: SEM image of the as-cast MgdY26Zn alloy after the compression
test at 140°C.

SEM HV: 20.00 kV WD: 16.60 mm ~ MIRA\TESCAN
L 4

View field: 229.8 ym  Det: BSE Detector 50 um
SEM MAG: 2.00 kx Date(m/dly): 01/30/14 Digital Microscopy Imaging n

Figure 5.73: SEM image of the as-cast MgdY26Zn alloy after the compression
test at 140°C. A detail of cracks formed during the deformation.
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Figure 5.74: SEM image of the ECAP-processed MgdY26ZnE140 sample after
the compression test at 140°C.
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Figure 5.75: SEM image of the ECAP-processed MgdY26ZnE140 sample after
the compression test at 140°C. A detail showing deformed Mg-Zn particles.
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Figure 5.76: SEM image of the ECAP-processed Mg4Y26ZnE140 sample after the
compression test at 140°C. A detail of broken icosahedral phase and deformed
Mg-Zn particles.

5.3.4 Defect studies

Positron LT measurements were performed on the Mg4Y23ZnE200 sample
deformed by 4 ECAP passes. The sample was subjected to isochronal annealing
performed in steps 20 K/20 min up to 300°C. The results are shown in figures
b.77 and [5.78] As one can see in figure 5.77] all measured LT spectra of the
Mg4Y237ZnE200 sample exhibit two components.

The first component originates in the annihilation of free positrons and its
lifetime 7y is shorter than the bulk positron lifetime of Mg (~ 225 ps [50]) due
to positron trapping at defects. The second component comes from annihilation
of positrons trapped at defects. Lifetime of the second component 75 ~ 254 ps
is in good agreement with the lifetime of positrons trapped at dislocations in Mg
[511 60, [6T].

Dislocations and vacancies were introduced into the sample by severe plastic
deformation during ECAP. Vacancies are highly mobile in Mg at room tempera-
ture and quickly disappear by diffusion to sinks at grain boundaries and at the
surface. However, some vacancies are anchored at the compressive elastic field of
dislocations.

Dislocation lines are shallow positron traps incapable of positron confinement.
However, vacancies bound to dislocations are deep positron traps. Hence, a
positron pre-trapped at dislocation diffuses along the dislocation line until it
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finds a vacancy attached to dislocation is finally trapped and annihilated there
[62].

Since the open-volume of vacancies anchored in the elastic compressive field
of dislocations is slightly compressed, the lifetime of positrons trapped at dislo-
cations (~ 256 ps) is slightly shorter than the lifetime associated with monova-
cancies in Mg (~ 300 ps).

The intensity of the second component 5 slightly decreases during annealing
up to 160°C. Above 180°C, there is sharp drop in the I and it further decreases
with increasing annealing temperature until a plateau is reached at 260°C. The
lifetime of the first component 7 increases with decreasing intensity /5 according
to the equation ([2.23)).

The applicability of STM for analysis of measured LT spectra was verified by
calculation of the bulk lifetime 75 according to equation (2.25). All calculated
values of 75 were in good agreement with the bulk positron lifetime of Mg (~
225 ps [50]). The dislocation density pp was calculated from the LT results
according to equation (2.24) using the specific trapping rate vp = 107°m?2s~!
[63]. The result are plotted in figure [5.79]

Except of a drop after annealing at 180°C, the calculated dislocation density
of the MgdY237ZnE200 sample decreases slowly with increasing annealing temper-
ature. A non-zero dislocation density was detected even after annealing at 300°C.
However, it would be expected that recovery of dislocation structure should be
completed at this temperature, cf. results obtained on the Mg4Y26ZnE140 and
MgdY26ZnE200 samples which are discussed in the next part of this this section.

The most likely explanation is that the second component in the LT spectra
of the MgdY23ZnE200 sample comprises not only positron annihilation at dis-
locations but also trapping at some other type of defects with comparable open
volume.

These defects are likely misfit defects associated with binary Mg-Zn phases.
Note that misfit defects characterized by similar lifetime of ~ 260 ps were observed
in binary Mg6wt.%Zn alloy [54]. Since the lifetimes of positrons trapped at
dislocations and at misfit defects are similar, their contributions in LT spectra
cannot be separated.

Nevertheless, we can conclude that positron trapping at misfit defects domi-
nates at 260-300°C where the plateau in the defect concentration was observed. If
we would assume that the specific trapping for the misfit defects is vp = 10571,
i.e. similar value as for monovacancy in Mg, then the concentration of misfit
defects in Mg4Y23ZnE200 sample after annealing at 300°C can be estimated as
cp ~ 2.4 x 1076,

The result of LT measurements for the MgdY26ZnE140 and Mg4Y26ZnE200
samples deformed by 4 ECAP passes are shown in figures[5.80/and [5.81] Isochronal
annealing of these samples was performed again in steps 20 K/20 min, i.e. with
the effective heating rate 1 KK/min, but only selected states were examined by the
LT spectroscopy.

One can clearly see that the results for the Mg4Y26ZnE140 and Mg4Y26ZnE200
samples are practically identical when the statistical errors of the measurement
are taken into account. Therefore, the difference in temperatures used for ECAP
processing of these two samples does not play crucial role in the development
of defects. The samples annealed up to 260°C exhibit two components in their
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LT spectra while only a single component is present in the samples annealed at
300°C.

The first component with the lifetime 7; comes again from annihilation of
free positrons. The second component with the lifetime 75 ~ 260 ps represents a
contribution of positrons trapped at dislocations.

The bulk positron lifetime 75 calculated according to equation ([2.25) was
found to be in a good agreement with the bulk positron lifetime of Mg ~ 225 ps
[50]. Hence, the assumptions of STM are fulfilled and it can be used to estimate
the dislocation density in the samples.

The dislocation density in Mg4Y26ZnE140 and Mg4Y26ZnE200 samples de-
termined from the LT data is plotted in figure One can see in the figure that
only very slight decrease of dislocation density occurred during annealing up to
200°C. A significant decrease in dislocation density was observed after annealing
at 260°C and after annealing at 300°C the concentration of dislocations fell below
the detection threshold of LT spectroscopy.

Thus, we can conclude that the annealing at temperatures lower than 200°C
has marginal impact on the dislocation density and a complete recovery of the
dislocation structure starts above 200°C and is finished at 300°C. This behavior
also explains the practically identical dislocation densities of the ECAP-processed
MgdY267ZnE140 and MgdY26ZnE200 samples in the as-deformed state.

280 v v T T T T T T T T v T T T T v v T v T T v T T T v T v T T v
20T ® o ® ]
s s ¢ 5 @ a2
g 20f 1
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= —e— - Mg4Y23ZnE200
3 L i )
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200 | w ]
180 I I I n I 1 1 1 n 1 1 1 1 1 1 1 1 1 1 2 1 I 1 1 1 1 ) 1 n 1 1 2
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Figure 5.77: The evolution of positron lifetimes during isochronal annealing of
the Mg4Y237ZnE200 sample.
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Figure 5.78: Thermal development of the intensity I, of the second component
in L'T spectra corresponding to trapped positrons in the MgdY237ZnE200 sample.
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Figure 5.79: The evolution of the dislocation density in Mg4Y23ZnE200 sample
during isochronal annealing.
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Figure 5.80: The evolution of positron lifetimes during isochronal annealing of
the Mg4Y267ZnE140 and MgdY26ZnE200 samples.
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Figure 5.81: The evolution of the intensity I of the second component in LT
spectra corresponding to trapped positrons during isochronal annealing of the
Mg4Y26ZnE140 and Mg4Y26ZnE200 samples.
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Figure 5.82: The evolution of the dislocation density in the MgdY26ZnE140 and
Mg4Y26ZnE200 samples during isochronal annealing.

5.3.5 In situ XRD during heat treatment of the samples
deformed by ECAP

Phase transformations in the ECAP-processed samples WE43+14ZnE200,
Mg3Y6ZnE200 and Mg4Y26ZnE140 subjected to 4 passes were studied by in
situ XRD measurements performed during linear heating and cooling with the
rate of temperature change 5 K/min. Two heating and cooling cycles were per-
formed to compare the influence of the ultra-fine-grained structure on the phase
transformations in the studied alloys.

The initial 2D diffraction patterns of the studied samples taken in the be-
ginning of in situ XRD measurements are shown in figures to The
diffractograms of all ECAP-processed samples consist of continuous rings which
testifies their small grain size.

For comparison, a 2D diffraction pattern of WE43+14ZnE200 sample remelted
after first heating and cooling cycle is shown in figure Coarse grains devel-
oped during solidification and distinct diffraction spots can be observed in the
latter diffractogram. Since the ultra-fine-grained structure produced by ECAP
is destroyed during the first heating cycle, the behavior during cool down and
second heating cycle should be identical to the as-cast alloys.

1D diffractograms were obtained from the measured 2D diffractograms by
an azimuthal integration. Initial 1D diffractograms of samples in as-deformed
state, i.e. at the beginning of the in situ measurement, are shown in figure
(.87 The following intermetallic phases were identified in these samples. The
WE43+14ZnE200 sample contains W-phase as well as icosahedral phase while
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only the W-phase is present in the Mg3Y6ZnE200 sample. In the Mgd4Y26ZnE140
sample, binary fcc Mg;Zn3 phase and icosahedral phase are present.

2D images showing the evolution of the XRD patterns are presented in figures
to Since it is not possible to include several thousand measured diffrac-
tograms separately, individual 1D XRD patterns are shown as horizontal lines and
their intensity was converted to color. The evolution of the XRD patterns during
the heat treatment is shown in the vertical direction.

The temperature ranges of the occurrence of various phases were determined

from the measured XRD data. The results are presented in table [5.17]

State W-phase | I-phase MgrZns Z-phase
WE43+14ZnE200 | 1% heating 470 430 - -
cooling 460° 415° - -
2" heating | 490¢ 430® - -
Mg3Y6ZnE200 | 1% heating 490 - - -

cooling 510° - - -
20d heating | 520° - - -

Mg4Y26ZnE140 | 1°° heating - 425% | 245°, 340%¢ | 245¢, 340°
cooling - 4050 3300 -

2" heating - 430 | 250°, 340%¢ | 215%, 340¢

Table 5.17: Phase transformation temperatures of intermetallic phases in the
ECAP-processed samples obtained from in situ XRD studies. Indices denote
type of phase transformation: a - melting, b - solidification, ¢ - dissolution, d -
precipitation, e - transformation of Z-phase to Mg;Zn3 phase.

During the first heating cycle of WE43+14ZnE200 sample, the icosahedral
phase melts at temperature ~ 430°C. Presence of the liquid phase is testified
by appearance of a diffuse bump in the background. Peaks corresponding to
the W-phase remain visible up to ~ 470°C. During the cooling, W-phase and
icosahedral phase form from melt at ~ 460°C and ~ 415°C, respectively. The
melting temperatures of W-phase and icosahedral phase during the second heating
cycle were ~ 490°C and ~ 430°C, respectively.

The W-phase, which is the only intermetallic phase presnent in Mg3Y6ZnE200,
melted at ~ 490°C during the first heating cycle and at ~ 520°C during the second
heating cycle. The temperature of solidification of W-phase during the cooling
cycle was determined as ~ 510°C.

The as-prepared MgdY26ZnE140 sample contains the Mg;Zn3 phase and the
icosahedral phase. The icosahedral phase exhibits higher temperature stability
than the Mg;Zn3 phase and it remains present up to ~ 425°C during the first
heating cycle and up to ~ 430°C during the second one. The solidification of
icosahedral phase during the cooling cycle was observed at ~ 405°C.

Binary Mg-Zn phases exhibit more complex behavior in the MgdY26ZnE140
sample. During the first heating cycle, the Mg;Zn3 phase transforms to the Z-
phase at ~ 245°C which remains present up to ~ 340°C. At this temperature,
the Z-phase transforms back to the Mg;Zns phase which melts just after this
transformation. During cooling the Mg;Zn3 phase solidifies at ~ 330°C and then
stays in the sample during the whole cooling cycle.

Similar transformation sequence of binary Mg-Zn phases occurs during the
second heating cycle. The only difference is that the Mg;Zn3 phase and the Z-
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phase coexist in the temperature range 215-250°C. The peaks corresponding to
the Mg;Zn3 gradually disappears while the intensity of Z-phase peaks increases
in this temperature region. Above ~ 250°C only the Z-phase is present in the
sample. The transformation of the Z-phase back to the Mg;Zn3 phase and sub-
sequent melting of the Mg;Zn3 phase occurs at ~ 340°C like in the first heating
cycle.

The diffraction peaks shift to lower diffraction angles with increasing temper-
ature due to thermal expansion of the crystal lattice. Like in the section
one can notice that diffraction peaks corresponding to icosahedral phase form
bent curves which indicate a nonlinearity in the thermal expansion of icosahedral
phase. This behavior can be clearly seen in the 2D image shown in figure [5.88
which corresponds to the WE43+14ZnE200 sample. Peaks of the binary Mg-Zn
phases present in the MgdY26ZnE140 sample overlap with the peaks of icosahe-
dral phase and make the observation of this effect in figure more difficult.

The positions of selected diffraction peaks were fitted by pseudo-Voigt function
to quantify the thermal expansion of the Mg matrix, icosahedral phase, W-phase
and the graphite crucible during the first heating cycle of the WE43+14ZnE200
sample. The positions obtained from fitting were used to calculate the relative
lattice expansion with respect to the room temperature which is plotted figure
.97l

The expansion of the Mg matrix exhibits an abrupt change at ~ 430°C at
which the icosahedral phase melts. This is caused by the fact, that in addition to
the thermal expansion, the lattice parameter of Mg matrix also depends on the
concentration of dissolved alloying elements. Addition of Zn causes a decrease
of the lattice parameter, see discussion of CDB results in section The
solubility of Zn in Mg reaches maximum at the eutectic temperature, see figure
3.4

Hence, the decrease of the lattice parameter of the Mg matrix caused by
dissolved Zn will be largest at the eutectic temperature. In the WE43+147ZnE200
sample, this temperature coincides with the the melting point of icosahedral
phase. The concentration of dissolved Zn in Mg matrix decreases above this
temperature and the observed lattice expansion is the sum of thermal expansion
and the expansion caused by decrease of the Zn content in the Mg matrix.

The W-phase exhibits a linear expansion up to ~ 430°C where the expansion
slightly decreases and stays constant until the melting of this phase. The change
of behavior at this temperature is most likely caused by the fact that some fraction
of icosahedral phase transforms to W-phase at ~ 430°C instead of melting. This is
testified by the increase of intensities of XRD peaks corresponding to the W-phase
at ~ 430°C, see figure 5.88] Newly formed W-phase might not exhibit the exact
stoichiometric composition which significantly influences its lattice parameter.

The remarkable nonlinearity is present in the thermal expansion of the icosa-
hedral phase. The coefficient of its thermal expansion at first slightly decreases
around ~ 220°C and then the thermal expansion accelerates around ~ 300°C.
This behavior leads us to the conclusion that structural changes, e.g. generation
of large amount of defects leading to a gradual change of thermal expansion,
most likely occur in the icosahedral phase at elevated temperatures. However,
the exact nature of this process cannot be determined from the results presented
in this work.

96



Since the temperature measured by the thermocouple was not measured di-
rectly at the place of the primary beam, the thermal expansion of the (0 0 2)
peak of graphite was used to calculate the temperature of the graphite crucible in
which the samples were placed. A comparison of the temperature calculated from
the thermal expansion of graphite and the temperature measured by the ther-
mocouple welded to the steel cap of the crucible during the heating and cooling
cycles of the Mg3Y6ZnE200 sample is shown in figure [5.92l Both temperatures
are in an excellent agreement.

Figure 5.83: 2D diffraction pattern of the ECAP-processed WE43+147ZnE200
sample in the as-deformed state. First three reflections of the Mg matrix and the
(0 0 2) reflection of graphite (C) are marked by the arrows.
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Figure 5.84: 2D diffraction pattern of the ECAP-processed Mg3Y6ZnE200 sample
in the as-deformed state. First three reflections of the Mg matrix and the (0 0 2)
reflection of graphite (C) are marked by the arrows.

Figure 5.85: 2D diffraction pattern of the ECAP-processed MgdY267Znk140 sam-
ple in the as-deformed state. First three reflections of the Mg matrix and the
(0 0 2) reflection of graphite (C) are marked by the arrows.
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Figure 5.86: 2D diffraction pattern of the MgdY26ZnE140 sample heated up to
470°C and subsequently cooled down to 80°C.
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Figure 5.87: 1D diffractograms of the ECAP-processed samples in the as-

deformed state (A = 0.124 A). | - Mg matrix; i - icosahedral phase (MgsZngY1);
w - W-phase (Mg3Zn3Ys); + - Mg;Zns; ¢ - graphite; o - Y,03; h - YH,.

100



600 500 400 300 200 100 0 1 2 3

Time

|
%I
z

o1t

600 500 400 300 200 100 o0 1ff 2
T (°C) 26 (°)

Figure 5.88: The evolution of the XRD patterns of the WE43+14ZnE200 sample
during linear heating and cooling between room temperature and 590°C (A =
0.124 A) Each horizontal line in the right section of the figure represents a 1D
diffraction pattern at some temperature. The intensity was converted to the color
scale and increases from black through violet, blue, green, yellow and orange to
red. The temperatures at which the diffractograms were recorded are plotted in
the left part of the figure. The most pronounced peaks of Mg matrix (black),

I-phase (red), W-phase (blue) and graphite crucible (gray) are marked by colored
arrows.
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Figure 5.89: The evolution of the XRD patterns of the Mg3Y6ZnE200 sample
during linear heating and cooling between room temperature and 620°C (A =
0.124 A) Each horizontal line in the right section of the figure represents a 1D
diffraction pattern at some temperature. The intensity was converted to the color
scale and increases from black through violet, blue, green, yellow and orange to
red. The temperatures at which the diffractograms were recorded are plotted in
the left part of the figure. The most pronounced peaks of Mg matrix (black),W-
phase (blue) and graphite crucible (gray) are marked by colored arrows.
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Figure 5.90: The evolution of the XRD patterns of the Mg4Y26ZnE140 sample
during linear heating and cooling between room temperature and 470°C (A =
0.124 A) Each horizontal line in the right section of the figure represents a 1D
diffraction pattern at some temperature. The intensity was converted to the color
scale and increases from black through violet, blue, green, yellow and orange to
red. The temperatures at which the diffractograms were recorded are plotted
in the left part of the figure. The most pronounced peaks of Mg matrix (black),
icosahedral phase (red), Mg;Zn3 (green), Z-phase (magenta) and graphite crucible
(gray) are marked by colored arrows.
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Figure 5.91: The relative thermal expansions of various phases present in the
WE43-+147ZnF200 sample with respect to 25°C. The thermal expansions were
calculated from in situ XRD data obtained during the first heating cycle.
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Figure 5.92: Comparison of the temperature measured by the thermocouple and

the temperature calculated from thermal expansion of graphite crucible during
in situ measurement of Mg3Y6ZnE200 sample.
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6. Discussion

6.1 As-cast and heat treated samples

The measurements of microhardness and analysis of SEM images revealed that
the hardness and the volume fraction of GBP in studied as-cast alloys increases
with increasing Zn content, see tables [5.4] and To visualize this relationship,
the dependencies of the hardness and the volume fraction of GBP on the Zn
content are shown in figures [6.1 and [6.2} It is clear that the Zn content is a
crucial factor which determines the mechanical properties of studied alloys as
well as their microstructure.

The correlation of the microhardness and the volume fraction of GBP plotted
in figure [6.3| shows that the microhardness is approximately linear function of
the volume fraction of GBP. Since the GBP is much harder than the Mg matrix
(see table , it strengthens the alloys. The linear dependence of the hardness
on the volume fraction of GBP suggests that a composite hardening mechanism
plays major role in the mechanical properties of the studied alloys. This is further
supported by the fact, that majority of cracks which were observed in the as-cast
Mg4Y26Zn alloy after the compression test were located in GBP, see figure [5.73
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Figure 6.1: The dependence of the Vickers hardness of WE43-based and MgZnAl-
based alloys on the Zn content.
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Figure 6.2: The dependence of the volume fraction of GBP in WE43-based and
MgZnAl-based alloys on the Zn content.

140 [T © ° ° U T T ' 7 T T e e e
130 | .
120 | .

110 .

HV 0.1

100 | ® :
90 .

80 | .

70-||||||I|||l|ll|lll|||||l|l

volume fraction of GBP (%)

Figure 6.3: The correlation of the Vickers hardness with the volume fraction of
GBP.

Defects studies performed by LT showed that positron trapping at vacancy-
like defects occurs in all as-cast alloys containing icosahedral phase, see table
These defects exhibit characteristic lifetime of ~ 300 ps, which was also
observed in MgZnAl-based alloys containing quasicrystalline phase Mgy,Zny; Al
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with icosahedral structure, see appendix [Bl The positron lifetime corresponding
to the vacancy-like defects associated with icosahedral phase is longer than the
lifetime of positrons trapped at misfit defects observed in binary Mg6wt.%Zn alloy
[54] or in the MgTbNd alloy (see appendix @ which is around 260 ps. Therefore,
the vacancy-like defects created at the interface of the icosahedral phase and the
Mg matrix are larger than the misfit defects at the interfaces between crystalline
precipitates and the Mg matrix.

The comparison of vacancy-like defects with the size of monovacancy is com-
plicated by the fact that there is a discrepancy between experimentally measured
(~ 255 ps [64]) and theoretically calculated (~ 300 ps [65]) lifetimes of positron
trapped at monovacancy in Mg. This issue is thoroughly discussed in appendix
[C] Hence, the theoretical results suggest that the open volume of the vacancy-like
defects associated with icosahedral phase is approximately the same as that for
a monovacancy. On the other, the interpretation based on the experimentally
measured lifetime of monovacancy in Mg would lead us to a conclusion that the
vacancy-like defects associated with icosahedral phase are roughly 2-3 times larg-
er than a monovacancy in Mg, see calculation of the positron lifetime for vacancy
clusters in appendix [C]

The CDB measurements indicate enhanced concentration of Y and Zn at the
vicinity of positron annihilation sites, see figure [5.14] This supports the picture
that positrons are trapped at the interface of the Y and Zn-rich icosahedral phase
and the Mg matrix.

Heat treatment above melting points of GBP has significant impact on the
microstructure of the samples. Key factors influencing the microstructure after
such heat treatment are the annealing temperature and the cooling rate. The
volume fraction of the melt increases with increasing temperature. On the other
hand, the cooling rate controls the morphology of GBP after solidification. Fast
quenching results in finely-structured GBP while slow-cooling produces GBP with
coarse structure, see figures and

Since the vacancy-like defects are located at the surface of icosahedral phase,
the changes in the morphology of GBP and the size of precipitates of icosahedral
phase in Mg matrix may lead to dramatic changes in the concentration of vacancy-
like defects even at fixed volume fraction of icosahedral phase. For example,
the heat treatment of the WE43+411Zn alloy at 500°C for 1 hour leads to an
increase of the volume fraction of the icosahedral phase but at the same time the
concentration of vacancy-like defects decreased, see tables and

6.2 ECAP-processed samples

Processing of samples by ECAP has a significant influence on the microstruc-
ture of GBP in the studied alloys. The network of GBP which is present in the
as-cast samples is stretched in the direction of shear, see figure While the
W-phase and the Mg;Zn3 phase are ductile and undergo plastical deformation
during ECAP, the brittle icosahedral phase brakes into smaller pieces, see figures
(.60l and £.62

According to expectations, the LT measurements of as-prepared Mg4Y26ZnE140
and Mg4Y26ZnE200 samples shown in figures to revealed a high dis-
location density which was introduced into the samples by ECAP. Both samples
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exhibit virtually the same dislocation density although they were processed by
ECAP at different temperatures. However, this is consistent with the fact, that
the dislocation density in these samples is almost constant during the isochronal
annealing up to 200°C. The decrease of dislocation density was observed after
annealing at higher temperatures and finally the dislocation density decreased
under the detection limit of LT measurement after annealing at 300°C. Hence,
we can conclude that dislocations induced by ECAP into MgdY26ZnE140 and
MgdY26ZnE200 samples were annealed out at 300°C.

Similar temperature stability of dislocation structure was determined by the
microhardness measurements of WE43+414ZnE200 samples after 1,2 and 4 ECAP
passes. Isochronal annealing up to 200°C had little effect on the microhardness
of these samples, see figure However, a sharp drop of hardness was observed
after annealing at 280 and 300°C. In addition, the hardness values of all three
samples converged and become identical after annealing at 280°C. These results
indicate that isochronal annealing up to 300°C results in the recovery of the
dislocation structure in WE43-+14ZnE200 samples after 1, 2 and 4 ECAP passes.

On the other hand, the LT results obtained on the Mg4Y23ZnE200 sample
presented in figures to seem to indicate that there is a non-zero disloca-
tion density in the Mgd4Y23ZnE200 sample even after annealing at 300°C. Since
there is a plateau in the calculated dislocation density after annealing at temper-
atures 260-300°C, the positron trapping at misfit defects most likely occurs in
this temperature range.

Positrons trapped at the misfit defects in binary Mg6wt.%Zn alloy exhibit
the positron lifetime practically identical with the lifetime of positrons trapped
at dislocations [54]. Hence, these two components cannot be separated and the
presence of misfit defects leads to apparent non-zero dislocation density after
annealing at high temperatures while the dislocations are in fact annealed out
and positrons are instead trapped at the misfit defects.

No trapping at vacancy-like defects was detected by LT investigations in the
samples with microstructure refined by ECAP deformation. In the as-deformed
state, the component corresponding to the trapping at vacancy-like defects asso-
ciated with icosahedral phase may be masked by the much stronger component
arising from positrons trapped at dislocations.

However, no positron trapping at the vacancy-like defects occurred in the
MgdY26ZnE140 and MgdY26ZnE200 samples annealed at 300°C when the dis-
locations were annealed out. The recovery of the dislocation structure probably
causes coarsening of the precipitates of the icosahedral phase located in the Mg
matrix. Another possibility is that the ECAP-processing directly leads to a low
numerical density of the icosahedral precipitates in the Mg matrix. Both cases
would lead to a decrease of the concentration of the vacancy-like defects below
the detection limit of the LT spectroscopy.
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6.3 In situ XRD studies of phase transformations
and compression test

Phase transformations of intermetallic phases in the as-cast and ECAP-processed
samples were investigated by in situ XRD measurements during linear heating
and cooling. The temperature stabilities of intermetallic phases determined from
these measurements are presented in tables and DSC was employed
as a complementary method to the in situ XRD studies for characterization of
as-cast samples. Resulting DSC curves are plotted in figures The phase
transformation temperatures determined by in situ XRD studies of the as-cast
alloys are substantially lower than the temperatures determined by DSC.

However, the in situ XRD studies of the ECAP-processed samples which
were performed in a slightly different experimental configuration produced values
which are in reasonable agreement with the DSC results. It was found out that
ECAP processing has no influence on the types of intermetallic phases present in
the studied samples since the same phases were observed both in the as-cast and
ECAP-processed samples, see figures and Two heating cycles were per-
formed to investigate the influence of the ultra-fine-grained structure on the phase
transformations. The ultra-fine-grained structure is destroyed at the end of the
first heating cycle by melting in the whole sample volume. Therefore, the second
heating cycle should yield similar results as the in situ XRD studies of as-cast
alloys. However, the phase transformations occurred at the same temperatures
during both heating cycles.

Hence, there is a disagreement between the phase transformation tempera-
tures determined by in situ XRD studies and DSC measurements of the as-cast
alloys. On the other hand, the results obtained by in situ XRD investigations of
ECAP-processed samples exhibit satisfactory agreement with the DSC curves.

The experimental setup used in the in situ XRD studies exhibits a certain
limitation in the accuracy of the temperature measurement. Since the tempera-
ture of the sample cannot be measured directly, the accuracy of the temperature
measurement depends on the quality of the thermal contact between the sam-
ple and the graphite crucible. If it is not satisfactory, the induction heating of
the sample causes its overheating with respect to the temperature indicated by
thermocouple placed on the steel cap of the crucible.

It seems that vertical orientation of the crucible which was used during the
in situ XRD studies of as-cast alloys results in significantly worse thermal con-
tact than the horizontal orientation of the crucible in the dilatometer which was
employed for the in situ XRD studies of the ECAP-processed samples.

The W-phase and icosahedral phase melt at temperatures around 500°C and
430°C which are good agreement with the the available literature data [26] [43].
Scatter of values obtained for the different heating cycles of the same alloy can
be attributed to differences in the thermal contact between the sample and the
graphite crucible.

The binary Mg;Zn3 phase exhibit quite peculiar transformation sequence,
since it at first transforms to the Z-phase at temperatures roughly about 240°C. At
~ 340°C, the Z-phase transforms back to the Mg;Zn3 phase which melts just after
this transformation. This temperature coincides with the eutectic temperature
340°C of the binary Mg-Zn system, see figure |3.4
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The engineering stress-strain curves for the as-cast Mg4Y26Zn alloy and the
ECAP-processed MgdY26ZnE200 sample measured during the compression test
at 140°C in a dilatometer are shown in figure [5.66|

The as-cast Mg4Y26Zn alloy exhibits higher yield stress (cg2 ~ 175 MPa)
than the ECAP-processed MgdY26ZnE140 sample (02 ~ 114 MPa). Since the
ECAP processing leads to refinement of the grain size, the increase of the yield
stress would be expected according to the Hall-Patch relation. Instead, the yield
stress of the ECAP-processed sample is lower than the yield stress of the as-cast
alloy. In addition, the Mg4Y26ZnFE140 sample showed outstanding ductility since
it did not rupture up to € = 0.54 where the compression test was terminated.

In situ XRD studies revealed that the compressive deformation leads to the
development of a crystallographic texture where the (0 0 1) basal planes of Mg
matrix preferentially assume perpendicular orientation with respect to the applied
force. This is manifested by an anisotropy in the 2D diffraction patterns shown

in figures and
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7. Conclusions

Samples of WE43 alloy, the WE43-based alloys modified by addition of 11wt.%),
14wt.% and 26wt.% of Zn and three ternary Mg-Zn-Y alloys Mg3wt.%Y6wt.%Zn,
Mgdwt. %Y 23wt.%Zn, Mgdwt.%Y26wt.%Zn were investigated. The Zn content of
studied alloys has decisive influence on the volume fraction of the grain boundary
phases (GBPs) and the mechanical properties since GBPs strengthen the studied
alloys by the composite hardening mechanism.

The presence of icosahedral phase MgsZngY; in the as-cast WE43-based al-
loys modified by addition of Zn and the Mg4Y23Zn, MgdY26Zn ternary alloys
was confirmed by X-ray diffraction. Positron annihilation spectroscopy revealed
that the characteristic vacancy-like defects are formed at the interfaces of the
icosahedral phase MgsZngY; and Mg matrix.

The microstructure of GBPs in Mg-Zn-Y-based alloys can be modified by
annealing at temperatures above the melting point of GBPs. Final microstructure
of GBPs after melting is determined by the cooling rate of heat treated samples.

Samples of WE43-based alloy modified by addition of 14wt.% Zn and ternary
Mg-Zn-Y were processed by equal-channel angular pressing (ECAP). The ECAP
introduces a high density of dislocations into the sample and also leads to defor-
mation of GBPs. The thermal stability of the dislocation structure was inves-
tigated by microhardness and positron lifetime measurements during isochronal
annealing. The recovery of the dislocations in studied samples occurred in the
temperature range 260-300°C.

Phase transformations of the as-cast alloys and the samples deformed by
ECAP were examined by in situ X-ray diffraction during linear heating and
cooling. Obtained results were compared with the data obtained by differential
scanning calorimetry and the thermal processes observed in differential scanning
calorimetry curves were assigned to phase transformations detected by in situ
X-ray diffraction.

A compression test of the as-cast Mgdwt.%Y26wt.%Zn alloy and a sample
of the same alloy processed by ECAP was used to compare their mechanical
properties. It was revealed that the sample with ultra-fine-grained structure
created by ECAP deforms by grain boundary sliding which lowers the yield stress
but also significantly improves the ductility of the Mgdwt.%Y26wt.%Zn alloy
processed by ECAP compared to as-cast sample.
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Abstract

Recently it was reported that icosahedral phase (I-phase) with quasicrystalline structure is formed in some lightweight
Mg alloys. It was found that Mg alloys containing I-phase exhibit improved mechanical properties which make them
attractive for industrial applications. This work presents microstructure investigations and defect studies of squeeze
cast Mg-Y-Nd-Zr (WE43) alloy with addition of 14 wt.% and 26 wt.% Zn. For comparison WE43 alloy without any
Zn was investigated as well. Presence of the quasicrystalline I-phase was detected by electron diffraction and X-ray
diffraction in both WE43 alloys modified by Zn addition. On the other hand, WE43 without Zn does not contain any
I-phase. Mechanical properties of as-cast alloys were examined by Vickers microhardness (HV) testing. It was found
that presence of I-phase leads to a significant hardening.

Defects in as-cast alloys were investigated by positron lifetime (LT) spectroscopy combined with coincidence
Doppler broadening (CDB). Reference sample WE43 alloy without Zn exhibits a single-component LT spectrum
with lifetime of ~ 224 ps which is close to the Mg bulk lifetime. On the other hand, vacancy-like defects
characterized by positron lifetime of ~ 300 ps were found in WE43 alloys modified by Zn addition. CDB
investigations revealed that chemical environment of these defects is enriched with Zn and Y. Hence, our results
indicate the existence of vacancy-like defects connected with the I-phase. We suggest that these defects are located at
the interfaces between the I-phase and the Mg-matrix.
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1. Introduction

Quasicrystals exhibit unique structure without translation symmetry. Quasicrystalline materials exhibit
attractive properties such as high hardness, high corrosion and wear resistance, low friction and surface
energy. Quasicrystalline phases with icosahedral symmetry were recently observed in magnesium alloys
with zinc and rare earth elements [1]. It was found that interfaces between the icosahedral phase (I-phase)
and the a-Mg matrix are characterized by very low surface energy [2]. Mg-alloys strengthened with I-
phase precipitates exhibit promising mechanical properties associated with the unique properties of the
quasicrystalline phase.

2. Experimental

Samples of WE43 (Mg-Y-Nd-Zr based alloy) and WE43 modified by addition of 14 wt.%
(WE43+14Zn) and 26 wt.% (WE43+26Zn) of Zn were prepared by squeeze casting. Composition of the
studied alloys determined by chemical analysis is listed in Table 1. All investigations were performed on

the as-cast alloys.

Table 1 Chemical composition (in wt.%) of alloys studied.

Sample Zn Y Nd Zr Gd Mg

WE43 - 2.95 2.48 0.30 0.15 balance
WE43+14Zn 13.80 3.06 1.04 0.29 0.10 balance
WE43+26Zn 25.82 3.02 1.16 0.27 0.17 balance

Scanning electron microscopy (SEM) was performed on the FEI Phenom microscope equipped with a
detector of backscattered electrons. Since the cross-section of electron backscattering increases with the
increasing atomic number, heavier elements are represented by the lighter areas in resulting SEM images
(so called Z-contrast).

Positron lifetime (LT) measurements were performed using a digital positron lifetime spectrometer
equipped with BaF, scintillators coupled to photomultipliers (PMT) Hamamatsu H3378. Anode signal
from PMTs is digitized with sampling rate of 4 GHz by a pair of fast 8-bit digitizers Acqiris DC211.
Sampled waveforms are stored in a personal computer and analyzed off-line by software employing the
integral constant fraction algorithm [3]. Detailed description of the spectrometer is given in Refs. [4,5].
Resolution of the spectrometer expressed as full width at half maximum of resolution function is ~150 ps.

Coincidence Doppler broadening (CDB) spectroscopy of annihilation radiation was performed using a
spectrometer equipped with two high purity germanium detectors. The spectrometer exhibits resolution of
~1.0 keV expressed as full width at half maximum of the resolution function at 511 keV.

3. Results and discussion

A representative SEM image of WE43 alloy is shown in Fig. 1(a). Lighter pattern observed along the
grain boundaries testifies presence of heavier elements. Moreover, isolated prolonged particles of the
eutectic are located at the grain boundaries. Two phases were identified in WE43 sample by XRD in
addition to Mg matrix: (i) larger precipitates of B; face-centered cubic (fcc) MgsNdy4Y o6 phase giving
sharp reflections to XRD pattern and (ii) fine particles of tetragonal Mg, Nds phase resulting in broad and
reflections with low intensity.

The SEM images of WE43 modified with Zn are shown in Fig. 1 (b-d). Both alloys modified with Zn
exhibit typical pattern consisting of grains of the a-Mg phase separated by Zn enriched grain boundary
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eutectic (GBE). The GBE volume fraction f; determined from the SEM images is given in Table 2.
Obviously, the f; increases with increasing Zn content. Fig. 1(d) shows the morphology of GBE in
WE43+26Zn alloy in higher magnification. The eutectic exhibits lamellar structure with very high
surface-to-volume ratio. This is in striking contrast with the morphology of the eutectic phase in WE43
alloy where the fine lamellar structure is absent; see Fig. 1(a).

The quasicrystalline I-phase with composition Mg;ZnsY | was detected by XRD in both WE43 alloys
modified by Zn addition. Moreover, the fcc W-phase (Mg;Zn;Y;) was found in WE43+14Zn, while
WE43426Zn contains the fcc Mg;Zn; phase. This is in agreement with Lee et al. [6] who found that
presence of the W-phase is typical for Mg-Zn-Y alloys with low Zn/Y ratio, while in the alloys with
higher Zn/Y ratio the Mg;Zn; phase is formed.

Table 2 Results of LT investigations: lifetimes 7 and relative intensities /; of the exponential components resolved in LT spectra;
the quantity 7 calculated from Eq. (1) to check the consistency of decomposition with the two state simple trapping model, the
concentration of vacancy-like defects ¢ calculated from LT data using simple trapping model; Vickers hardness HVO.1; the volume
fraction of eutectic fr determined by SEM.

Sample 7 (ps) 1; (%) 7 (ps) L (%) 7 (ps) cp (ppm) HVO0.1 Je (%)
WE43 223.93) 100 - - - - 87+2 1.8+0.1
WE43+14Zn 187(2) 55(2) 302(3) 45(2) 226(4)  9.1(1) 9442 9.8+0.7
WE43+26Zn 192(4) 56(3) 302(4) 44(3) 228(5)  8.3(2) 125+4 25.1+0.8

Results of LT measurements are shown in Table 2. WE43 alloy exhibits a single component spectrum
with lifetime 7; = 224 ps which agrees well with the Mg bulk positron lifetime of 7z = 225 ps [7].
Therefore, we can conclude that the concentration of positron traps in WE43 alloy is lower than detection
threshold of positron lifetime spectroscopy. LT spectra of WE43 alloys modified by Zn addition consist
of two components. The lifetime z; of the first component is shortened below 7z due to the positron
trapping in defects. The lifetime of the second component 7, = 302 ps agrees well with the lifetime of
positrons trapped in Mg vacancy (7 = 299 ps) calculated in Ref. [8]. Hence, the second component
represents a contribution of the positrons trapped at vacancy-like defects. Interestingly, vacancy-like
defects were detected only in WE43 alloy modified by Zn addition and not in the original WE43 (without
Zn). This indicates that the vacancy-like defects are associated with quasicrystalline I-phase which is
present in both WE43 alloys modified by Zn addition (WE+14Zn and WE43+26Zn) but is absent in the
original WE43 alloy.

Results of LT investigations were analyzed by application of simple trapping model. Consistency of
the decomposition of LT spectra with the two state trapping model can be checked using the quantity [9]

1
I 1
: :(_w_zj . 1)
' 0

If assumptions of the two state simple trapping model, i.e. a single type of homogeneously distributed
positron traps, no detrapping and no trapping of non-thermalized positrons, are fulfilled, then the quantity
7robtained from Eq. (1) equals to the bulk positron lifetime 3. One can see in Table 2 that in both WE43
alloys modified by Zn addition zrindeed agrees well with the Mg bulk lifetime testifying that the simple
trapping model assumptions are fulfilled and the concentration of vacancy-like defects can be calculated
using the equation [9]

1 7,(1 1
CSo=—"7"| "~ , ()
vp Li\7y 7,

where v, is the specific positron trapping rate. For vacancies in metals v, falls into the range 10'* - 10"
s [9]. Here we used vp ~ 10" s since Mg exhibits low electron density in interatomic regions which
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makes the positron binding energy to vacancy lower than in dense metals and, thereby, v is expected to
be close to the lower limit of the aforementioned interval. The concentration of vacancy-like defects
obtained from Eq. (2) is listed in Table 2. Obviously, both WE43 alloys modified by Zn addition exhibit
comparable concentration of vacancy-like defects, despite the fact that GBE volume fraction in the
WE434+26Zn alloy is significantly higher than in the WE43+14Zn sample. Furthermore, the lifetime 7, =
302 ps is substantially longer than lifetimes reported for positrons trapped at defects in single-phase
quasicrystals (~210 ps) reported by Sato et. al. [10]. These results suggest that vacancy-like defects are
most probably located not inside of the I-phase but at the interface between the I-phase and Mg matrix.

@ '

=L

by

I 210 um
Figure 1 SEM images of: (a) WE43 alloy; (b) WE43+14Zn; (c) WE43+26Zn alloy; (d) WE43+26Zn alloy (detail in higher

magnification).

Measured CDB ratio curves (related to well-annealed Mg) are shown in Fig. 2. All studied samples
exhibit a peak in the ratio curves at 8 x 10° myc which represents a contribution of positrons annihilated
by electrons belonging to rare Earth elements, i.e., Y, Nd and Gd. In addition WE43 alloys modified by
Zn addition exhibit also a broad peak centered at 18 x 10° moc which comes from positrons annihilated by
3d Zn electrons. In the high momentum region, where the contribution of positrons annihilated by core
electrons dominates, the ratio curve p related to well-annealed Mg can be expressed as linear combination

pP= (1 —-F )(‘:ZMg,B + é:Zn,BpZn,B + gY,BpY,B + gNd,Bde,B + ng,Ber,B + ng,Bde,B)

+Fy (é:Mg,Vng,V + §Zn,VpZn,V + é:Y,V:DY,V + §Nd,Vde,V + §Zr,Ver,V + é:Gd,VlDGd,V )a
where pz, 5, Py s, Pnas, Pz-p and pgyp are the ratio curves of free positrons annihilated by Zn, Y, Nd, Zr
and Gd electrons, respectively. These curves were obtained by the measurement of the well-annealed
reference sample of corresponding pure metals. The symbols pusg v, pzi, 1> Py,vs Prays Pzev and pgqy denote

3)
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the ratio curves for positrons trapped at vacancy-like defects and annihilated by Mg, Zn, Y, Nd, Zr and
Gd electrons, respectively. These curves were obtained by the measurement of cold rolled reference
samples of corresponding pure metals which exhibit saturated positron trapping at defects. The fraction
Fy of positrons trapped at the vacancy-like defects was calculated from LT data using the two state simple
trapping model [9]

LT

F, =1, — “)
2

The coefficients Cyg 8, Szn8, Sy, SN sy $7r,5 a0 Ciq 5 TEpresent the fraction of free positrons annihilated by
Mg, Zn, Y, Nd, Zr and Gd electrons, respectively, and always fulfill the normalization condition &y 5 +
Cmp T Sy T Svas + $zs T Coap = 1. Similarly, the coefficients &y p, $znn Sy Svar Sz and Coap
represent the fraction of positrons trapped at vacancy-like defects and annihilated by Mg, Zn, Y, Nd, Zr
and Gd electrons, respectively. These coefficients also fulfill the normalization condition &gy + &z +
Syt Snart Szt Coar=1.

Table 3 Results of fitting of CDB curves using model function described by Eq. (3). The fraction &z,5 was fixed at 0.023

representing the maximum Zn solubility in Mg. Fraction F'jy was calculated according to Eq. (4) for WE43 alloys modified by
addition of zinc, in case of WE43 alloy it was obtained from fitting of CDB ratio curves by model function decribed by Eq. (3).

EznB Svp SNiB  SzB  GGdB Sz Srr vy Sav  Saay Fy
WE43 - 00082) 0.004(1) 000 000  0.00 0.00  0302) 0.10Q2) 0.602) 0.14(1)
WE43+14Zn  0.023  0.0105)  0.002(1)  0.00  0.00 0.193) 0303)  0.00 0.00 0.00  0.16(1)
WE43+26Zn  0.023 0.010(5) 0.002(1) 0.00 0.00 0.54(4) 0.46(4) 0.00 0.00 0.00 0.16(1)

The fractions ¢ obtained from fitting of CDB ratio curves by the model curve described by Eq. (3) are
listed in Table 3 and the model curves which gave the best fit with experimental data are plotted in Fig. 2
by solid lines. Table 3 shows that fraction of positrons annihilated by electrons of rare Earth elements is
substantially higher than the concentration of Y, Nd and Gd in the samples obtained from chemical
analysis. This testifies that positrons are annihilated in the rare Earth enriched phases.
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Figure 2 CDB ratio curves (relative to well-annealed Mg). Open circles - measured data; solid lines - fit.
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CDB results indicate that in the WE43 alloy positrons annihilate predominantly in Mg matrix but
certain fraction of positrons annihilate from localized state at Nd and Gd-rich precipitates. The Nd-rich
particles are apparently finely dispersed particles of Mg, Nds phase identified in WE43 sample by XRD.
A high fraction of positrons annihilated by Gd electrons indicate that substantial fraction of Nd atoms in
Mg, Nds phase is substituted by Gd. Since only a single component with lifetime comparable with 7z was
found in LT spectrum of WE43 sample, there are probably no open-volume defects associated with Nd
and Gd-rich precipitates but positrons are localized directly inside these particles due to higher absolute
value of positron affinity compared to Mg matrix.

It is clear that chemical environment of vacancy like defects in WE43 alloy modified by Zn addition
and characterized by lifetime of = 300 ps contain substantially enhanced concentration of Zn and Y as
seen from Table 3. This is most pronounced in the case of WE43+26Zn alloy where virtually all positrons
trapped at vacancy-like defects are annihilated by Zn or Y electrons. This result supports the picture that
vacancy-like defects in WE43 modified by Zn addition are associated with quasicrystalline I-phase
Mg;ZngY, characterized by high Zn and Y content. Vacancy-like defects are probably situated at
interfaces between the I-phase precipitates and the Mg matrix where misfit defects are necessary to
accommodate the incommensurable atom spacing in these phases. However, further investigations are
needed to support this hypothesis.

4. Conclusions

Samples of WE43 alloy and WE43 alloy modified by addition of 14 wt.% and 26 wt.% of zinc were
investigated. Quasicrystalline icosahedral phase Mg;Zn¢Y; was identified in the samples of WE43 alloy
modified by Zn addition. It was found that the samples containing icosahedral phase contain vacancy-like
defects located most probably at the interface between the icosahedral phase and Mg matrix.
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Abstract. Mg-based alloys are promising lightweight structural materials for automotive,
aerospace and biomedical applications. Recently Mg-Zn-Y system attracted a great attention
due to a stable icosahedral phase (I-phase) with quasicrystalline structure which is formed in
these alloys. Positron lifetime spectroscopy and in situ synchrotron X-ray diffraction were
used to study thermal stability of I-phase and precipitation effects in Mg-Zn-Y and Mg-Zn-
Al alloys. All alloys containing quasicrystalline I-phase exhibit misfit defects characterized by
positron lifetime of ~ 300 ps. These defects are associated with the interfaces between I-
phase particles and Mg matrix. The quasicrystalline I-phase particles were found to be stable
up to temperatures as high as ~ 370°C. The W-phase is more stable and melts at ~ 420°C.
Concentration of defects associated with I-phase decreases after annealing at temperatures above
~ 300°C.

1. Introduction

Mg-Zn-Y system attracts attention due to presence of icosahedral phase (I-phase) with
quasicrystalline structure [1]. Quasicrystals exhibit structure with lack of translation symmetry
and posses unique combination of physical properties: high hardness, high corrosion resistance
and low surface energy [2]. Although they are not directly applicable for structural applications
due to their brittleness, they could be used as strengthening agents in Mg alloys. Moreover,
I-phase has strong interfacial bonding to the Mg matrix, low friction coefficient and low surface
energy which is beneficial for ductility and deformability.

Positron annihilation spectroscopy revealed existence of misfit defects associated with the
interfaces between I-phase particles and a-Mg matrix [3]. Thermal stability of I-phase and
precipitation effects in Mg-Zn-Y and Mg-Zn-Al alloys were studied in this work using positron
lifetime spectroscopy combined with in situ synchrotron X-ray diffraction (XRD). Development
of mechanical properties was monitored by microhardness testing.

2. Experimental details

Three groups of alloys were studied in this work: (i) Mg-Y-Nd-Zr (WE43) alloy, (ii) WE43
alloy modified by addition of various amount of Zn, and (iii) Mg-Zn-Al alloys. Both WE43
modified by Zn and Mg-Zn-Al alloys contain quasicrystalline I-phase. The WE43 alloy without



Zn does not contain quasicryrstalline phase and was used as a reference material. All alloys
were produced by squeeze casting under a protective atmosphere (Ar + 1% SF6). Chemical
compositions of studied alloys are shown in tables 1 and 2.

Table 1. Compositions of Mg-Zn-Y-based alloys in wt.%.
7n Y Nd Zr Gd Mg

WE43 - 295 248 0.30 0.15 balance
WE43+117Zn  10.90 1.80 0.73 0.28 0.12 balance
WE43+147Zn  13.80 3.06 1.04 0.29 0.10 balance
WE43+26Zn  25.82 3.02 1.16 0.27 0.17 balance

Table 2. Compositions of Mg-Zn-Al-based alloys in wt.%.
Zn Al Ca Mg

MgbZn3Al 5.3 3.2 0.1 balance
Mgl2Zn3A1 119 3.1 - balance

Digital positron lifetime spectrometer [4] with excellent time resolution of 145 ps was used for
positron lifetime measurements. The resolution of the spectrometer was calculated as FWHM
of resolution function obtained from fitting of positron lifetime spectrum of a well-annealed Mg
reference sample. Each measured spectrum consisted of at least 107 annihilation events. The
22NayCO3 positron source deposited on a 2 um thick mylar foil exhibits source contribution
consisting of two components with lifetimes 368 ps and 1.5 ns and relative intensities 7% and
1%, respectively, which was always subtracted from the spectra.

The measurements of Vickers microhardness (HV) were performed using a STRUERS
Duramin 300 hardness tester with a load of 100 g applied for 10 s.

In-situ measurement of synchrotron X-ray diffraction during heat treatment was used
to monitor evolution of phase composition at elevated temperatures. Sample of as-
cast WE43+14Zn alloy was subjected to linear heating from room temperature to 425°C.
Subsequently the sample was cooled down back to room temperature. Heating and cooling
rates were 5 K/min, wavelength of X-ray radiation was set to A = 0.142 A.

3. Results

Results of positron lifetime measurements of as-cast alloys are shown in table 3. The WE43
alloy, which does not contain quasicrystalline I-phase, exhibits single component spectrum with
lifetime 7 = 223.9 £ 0.3 ps which agrees well with the bulk positron lifetime in well-annealed
Mg [5]. All other alloys, which contain quasicrystalline phase, exhibit two component spectra,
see table 3. The first component comes from annihilation of free positrons while the second
component can be attributed to annihilation of positrons trapped at defects. The lifetime of
the second component 75 ~ 300 ps provides characteristic signature of misfit defects associated
with quasicrystalline phase [3].

The effect of different cooling rates after isothermal annealing was studied on WE43+11Zn
alloy. Two samples were annealed at 500°C for 1 hour, one was quenched into the water (Q)
while the second one was slowly cooled down with furnace (SC). Results of positron lifetime
measurements presented in table 4 revealed that misfit defects remain present in the alloys after



Table 3. Results of positron lifetime measurements of as cast samples.

State 7 (ps) L (%) T (ps) 12 (%)
WEA43 as-cast 223.9(3) 100 - -
WE43+26Zn as-cast 192(4)  56(3)  302(4) 44(3)
WE43+14Zn  as-cast 187(2)  58(2)  302(3)  42(2)
WE43+11Zn  as-cast 201(2)  67(3)  296(5) 33(3)
Mg5Zn3Al  ascast 219(1)  96(1)  290(10) 4(1)
Mgl12Zn3Al  as-cast 217.3(5) 93.9(5) 300(10) 6.1(5)

annealing at 500°C. However, the fraction of positrons trapped at defects significantly decreases
after annealing, especially in the slowly cooled sample.

Table 4. Results of positron lifetime measurements of WE43+411Zn samples annealed at 500°C.

State T (ps) I (%) 7 (ps) I (%)
WE43+11Zn  as-cast 201(2) 67(3) 296(5)  33(3)
WE43+11Zn  500°C/1h Q  212(5) 73(9) 280(10) 27(9)
WE43+11Zn  500°C/1 h SC  218(2) 89(1)  290(10) 11(1)

The Mg-Zn-Y-based alloys were isochronally annealed with step 20 K/20 min to monitor
the development of physical properties with increasing annealing temperature. The evolution

of microhardness during isochronal annealing is shown in figure 1.

Hardness has generally

decreasing trend but there are two notable hardening peaks at ~ 160°C and ~ 440°C. Based on
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Figure 1. Evolution of microhardness during isochronal annealing.

the development of hardness, annealing temperatures of 160°C, 300°C and 440°C (indicated in
figure 1 by arrows) were selected for positron lifetime spectroscopy measurements.



Table 5. Results of positron lifetime measurements of isochronally annealed WE43+411Zn alloy.

State 7 (ps) L (%) 1 (ps) Iz (%)

WE43+11Zn  as-cast 201(2) 67(3) 296(5) 33(3)
WE43+11Zn  160°C  180(10) 48(4)  278(9)  52(4)
WE43+11Zn 300°C  203(9) 70(5) 298(7)  30(5)
WE43+11Zn  440°C  210(10) 75(5)  300(10) 25(5)

The results of these measurements for WE43+11Zn alloy are summarized in table 5. After
annealing at 160°C, the intensity of the second component increased and its lifetime decreased by
roughly 20 ps. It has to be noted that positron lifetime of ~ 260 ps was observed in binary Mg-Zn
alloy after annealing at 220°C [6]. This lifetime was attributed to positrons trapped at open-
volume misfit defects at the interfaces between precipitates and Mg matrix. Therefore, most
likely explanation of shortened lifetime 7 in WE43+411Zn alloy is that precipitation occurred
after annealing at 160°C and components with lifetimes ~ 260 ps (misfit defect at precipitate-
matrix interfaces) and ~ 300 ps (misfit defects associated with I-phase) cannot be separated due
to limited experimental resolution. Instead, one component with a lifetime of 7 = 278 9 ps
was observed. Precipitates formed at 160°C dissolve at higher annealing temperatures and the
lifetime 75 of the second component again has value of ~ 300 ps. However, intensity of the
second component is slightly decreased compared to the as-cast state.

1 2 3 4

367 °C
416 °C
416 °C
367 °C

Time

Figure 2. Results of in situ XRD measurement during linear heat up and cool down from room
temperature to 425°C. Each horizontal line represents diffraction pattern at some temperature.
Intensity was converted to the color scale and increases from black to red. Most pronounced
peaks of Mg matrix (black), I-phase (red), W-phase (blue) and graphite crucible (gray) are
marked by colored arrows.

Results of in-situ XRD studies of WE+14Zn alloy are presented in figure 2 as a 2D image in
which individual XRD patterns for each temperature are shown as horizontal lines and intensity
is converted to color. The vertical axis shows evolution of XRD patterns during heat treatment.



In the as-cast sample, peaks corresponding to Mg matrix, icosahedral I-phase (Mg3ZngY), cubic
W-phase (MgsZn3Y3) and graphite crucible in which the sample was placed were identified.
Peaks corresponding to the I-phase disappeared when temperature exceeded ~ 367°C, indicated
by the red horizontal arrow in the figure. Diffuse bump in the background, testifying presence
of liquid phase, also appeared at this temperature. Peaks of W-phase remained visible up to
~ 416°C, indicated by the blue horizontal arrow in the figure. During the cooling, peaks of
W-phase and I-phase appeared at temperature ~ 416°C and ~ 367°C, respectively.

Because of lattice expansion the diffraction peaks shift to lower diffraction angles with
increasing temperature their temperature evolution during heating and subsequent cooling in
figure 2 forms typical “V” shape. The diffraction peaks corresponding to I-phase show different
behavior than other peaks. Contrary to other phases the positions of the peaks corresponding to
I-phase do not change linearly with temperature but exhibits nonlinear dependence which can
be seen as slightly bent curves in figure 2. The relative lattice expansion with respect to room
temperature was calculated from fitted positions of the diffraction peaks and is plotted in figure
3. Thermal expansion of Mg matrix and graphite is approximately linear with temperature. On
the other hand, thermal expansion of I-phase exhibits a strong nonlinearity indicating that the
coefficient of thermal expansion of I-phase remarkably changes around 310°C.
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Figure 3. Relative thermal expansion with respect to 25°C calculated from XRD data.

4. Discussion
Results of positron lifetime measurements show that all studied alloys containing quasicrystalline
phase exhibit two component spectrum with lifetime of the second component 75 = 300 ps. This
lifetime therefore characterizes misfit defects which are uniquely associated with quasicrystalline
phase in Mg alloys. These defects are most likely situated at the interface of quasicrystalline
phase and Mg matrix. Due to incommensurability of their lattices, misfit defects must be created
at their interface. In order to partially retain the coherency between I-phase and a-Mg matrix
steps or ledges are introduced periodically along the interface and misfit defects are located
at these steps along the interface. Presence of these ledges was confirmed by high resolution
transmission electron microscopy [7].

Size of the misfit defects can be estimated by comparison of the 7 ~ 300 ps with the positron
lifetime for a Mg monovacancy. Theoretically calculated lifetime for a Mg monovacancy is



~ 300 ps [5]. This would suggest that misfit defects associated with I-phase are approximately
of the same size as Mg monovacancy. On the other hand, the experimental positron lifetime
reported for Mg monovacancy is ~ 255 ps [8]. Hence, according to these experimental results, the
misfit defects associated with I-phase are larger than Mg monovacancy. The discrepancy between
experimental results and theoretical calculations of positron lifetime for Mg monovacancy is
further discussed in reference [9].

Although annealing at 500°C increased the volume fraction of I-phase in grain boundary
phase [10], the intensity of the second component in positron lifetime spectrum decreased after
annealing. This is due to the fact, that finely dispersed precipitates of I-phase are present in
the in Mg matrix of the as-cast alloy and most of these small precipitates are dissolved during
annealing. Hence, the content of I-phase in grain boundary phase is enhanced by annealing
at 500°C but its concentration in Mg grains is decreased due to dissolution of the fine I-phase
precipitates. This leads to a reduction of the fraction of positrons trapped at misfit defects
associated with I-phase. Decrease in the intensity of the second component in positron lifetime
spectra after isochronal annealing at temperatures 300°C and 440°C is caused by the same
reason.

In situ XRD investigations were performed to study phase transformations in WE43+414Zn
alloy during linear heating. The temperatures of formation, i.e. ~ 367°C for the I-phase and
~ 416°C for the W-phase, determined by XRD differ significantly from the values obtained by
differential thermal analysis, which are ~ 450°C [7] and ~ 510°C [11]. Our differential scanning
calorimetry measurements of WE+14Zn alloy revealed presence of four endothermic peaks at
temperatures 330-360°C, ~ 420°C, ~ 445°C and ~ 505°C. First two peaks could be attributed
to melting of I-phase and W-phase respectively. The most pronounced peak located at 445°C
might be due to melting of whole grain boundary region. However, using this interpretation,
the origin of the last peak located around 505°C remains unknown. Further investigations are
clearly needed to definitively assign phase transitions observed by X-ray diffraction to peaks
measured by differential scanning calorimetry.

Thermal lattice expansion of I-phase shows significant nonlinearity with increase of the
thermal expansion around 310°C. This is most likely linked to some structural changes in I-
phase occurring in this temperature range. Additional work is needed to elucidate the cause of
this effect.

5. Conclusions
Misfit defects associated with interfaces between I-phase and Mg matrix were observed in Mg-
Zn-Y and Mg-Zn-Al alloys. Density of defects decreases after annealing at 500°C due to decrease
of density of precipitates in Mg matrix and grain growth.

Nonlinear thermal expansion of I-phase lattice was observed above 310°C, which indicates
some structural change in the I-phase. Temperatures of phase transformations occurring in
WE43+147n alloy were determined by in situ XRD during linear heating.
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Abstract. Magnesium alloys with rare earth (RE) elements are promising structural materials
exhibiting favorable mechanical properties at elevated temperatures. However, the processes
occurring during early stages of precipitation in these alloys are still not completely understood.
In this work positron lifetime spectroscopy combined with coincidence Doppler broadening
was employed for investigation of early stages of precipitation in Mg-RE alloys. Presence
of quenched-in vacancy clusters was observed after solution treatment of studied alloys.
These quenched-in vacancy clusters are bound to RE solutes and thereby stabilized at room
temperature. During natural aging, RE clusters are formed by vacancy-assisted long-range
diffusion. In addition, hardness of studied materials increases and quenched-in vacancy clusters
are annealed out during the course of natural aging. Simple model was developed to describe
hardening during natural aging.

1. Introduction

Mg-based alloys with rare earth (RE) alloying elements, e.g. Gd and Tb, represent promising
light hardenable alloys with a high creep resistance at elevated temperatures [1]. Since
the solubility limit of RE alloying elements in Mg strongly decreases at low temperatures,
supersaturated solid solution of RE solutes in a-Mg matrix can be formed by fast quenching from
elevated temperatures. During subsequent heating the supersaturated solid solution decomposes
by formation of a sequence of metastable phases which may cause significant hardening of the
alloy. For example the supersaturated solid solution of Gd in Mg decomposes in the sequence

[2]:
o’ (hep) — B” (D01 clusters) — ' (c-bco) — B (fec, MgsGd type). (1)

The 3" particles are coherent with the a-Mg matrix while for the 3’ and S precipitates the
coherency with the a-Mg matrix is partially lost. Although the precipitation sequences are
nowadays well documented for various Mg-RE systems, there is still a lack of information
about very early stages of decomposition leading eventually to formation of coherent metastable
particles usually with D09 structure.

Natural aging is a process where solute atoms and vacancies cluster at room temperature in
materials quenched from high annealing temperature. It is well known effect and was thoroughly
investigated in Al-based alloys [3, 4, 5, 6]. Significant strengthening occurs because solute clusters



developed during natural aging hinder movement of dislocations. Contrary to Al-based alloys,
natural aging of Mg-based alloys is not common. So far, natural aging was observed in Mg-
Zn-based alloys [7] and, recently, in our work in Mg-Gd and Mg-Tb alloys [8]. In this work
positron lifetime spectroscopy combined with coincidence Doppler broadening was employed for
investigation of early stages of precipitation in Mg-RE alloys.

2. Experimental details
Binary Mg-Gd and Mg-Tb were produced by squeeze casting under a protective atmosphere (Ar
+ 1% SFg). Chemical composition of studied alloys is shown in table 1.

Table 1. Composition of studied alloys.

Gd Thb Mg
wt. % at. % wt. % at. %
MgdGd 4.48 0.72 - - balance
Mg9Gd 9.24 1.55 - - balance
Mgl15Gd 14.58  2.57 - - balance
Mg13Thb - - 13.39  2.31 balance

The as-cast Mg-Gd and Mg-Thb alloys were subjected to solution treatment at 500 and 530°C,
respectively, for 6 hours finished by quenching into water at room temperature. Samples were
subsequently naturally aged at ambient temperature.

Positron lifetime spectroscopy measurements were performed using a digital positron lifetime
spectrometer [9] with excellent time resolution of 145 ps (FWHM of the resolution function
obtained from fitting of positron lifetime spectrum of a well-annealed Mg reference sample).
At least 107 annihilation events were accumulated in each spectrum. Source contribution
consisting of two components with lifetimes 368 ps and 1.5 ns with relative intensities 8% and
1%, respectively, which originated from positrons annihilated in the ?NayCOj3 positron source
deposited on a 2 ym thick mylar foil, was substracted from the spectra.

Coincidence Doppler broadening (CDB) measurements were carried out using a digital
spectrometer [10] equipped with two HPGe detectors with the resolution of 0.9 keV at 511 keV
(FWHM). The total statistics accumulated in each two-dimensional CDB spectrum was at least
108 positron annihilation events in each spectrum.

The Vickers microhardness (HV) testing was carried out using a STRUERS Duramin 300
hardness tester with a load of 100 g applied for 10 s.

3. Results
Time development of hardness of solution treated samples aged at ambient temperature is shown
in figure la. Hardness of all studied alloys clearly increases with increasing aging time. The
time dependence of microhardness plotted in the logarithmic time scale exhibits characteristic
S-shaped curve typical for natural aging.

The hardness of alloy aged for time t can be expressed as:

HV(t) = HVy + AHV (1), (2)
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Figure 1. (a) Comparison of microhardness evolution during natural aging of studied alloys.
(b) Time development of relative volume fraction of clusters obtained from fitting.

where HVj = 30 £ 2 is the hardness of pure Mg matrix and AHV (t) denotes hardening caused
by solute elements:

AHV(t) = (HV + HV])'2. (3)
The symbols HV,; and HV,; denote contribution to the hardening caused by solid solution
hardening and by clusters of alloying elements, respectively. Let f denote the relative fraction
of solute atoms present in clusters. The hardening caused by clusters HV,; is then proportional
to f1/2 while the solid solution hardening HV;, is proportional to (1 — f)%/% [3]. Hence, the
evolution of the hardness during aging can be written as:

97 1/2

_ 2/3(1 _ 2/32 c \"? 1/2
HV(t) = HVy + (hssc 1-f) )+ ha (5o ) 1 , (4)

where ¢ is the total concentration of alloying element (Gd or Tb) in at.%, hss and hy are
hardening coefficients for solid solution hardening and hardening by clusters, respectively, and
N, is the average number of atoms per cluster.

Table 2. Fitted parameters of hardening model.

hss hcl/(Ncl)1/2 k (3_1) n
MgdGd  350(10) 243(8) (7) x 1077 0.8(3)
Mg9Gd  390(5)  269(5) 1.5(4) x 1077 0.7(1)
Mgl5Gd  342(8)  301(3) 4.5(7) x 107¢  0.8(1)
Mgl13Th 360(10) 286(4) (2) x 1075 0.52(8)

The clusters in aged alloys develop by nucleation and subsequent growth. Since the studied
alloys are coarse grained and exhibit low dislocation density, it is reasonable to assume that
heterogeneous nucleation in limited number of suitable nucleation sites takes place. These sites
are used at the early stage of clustering and so called site saturation occurs. Under these
assumptions, the relative volume fraction of clusters is given by expression:

f=1—exp[=(k(T))"], ()



where k(7T) is the kinetic rate at temperature 7" and n is the kinetic exponent [3]. The quantity f
is also identical to the relative fraction of solute atoms which precipitated from the solid solution
and formed clusters. Hence, when f = 0 all solute atoms are in solid solution and no clusters
are present in the sample, while the clusters are fully developed and no solutes remain in solid
solution when f = 1.

Results obtained by fitting the measured data with proposed model of hardening are shown
in table 2. The relative volume fraction of clusters f obtained from fitting is shown in figure
1b. As an example, fits of data measured on Mgl5Gd and Mgl3Thb alloys showing individual
contributions HVy, HVss and HV, to the total hardness are shown in figures 2a and 2b,
respectively.
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Figure 2. Development of microhardness and fit by the theoretical model described in the text:
(a) MglbGd, (b) Mgl3Th.

Results obtained by positron lifetime spectroscopy are summarized in table 3. All quenched
alloys exhibit two component positron lifetime spectra. The first component comes from free
positrons while the second component represents a contribution of positrons trapped at defects.
The lifetime of the second component 7 = 300 ps agrees well with the theoretically calculated
lifetime for a monovacancy in Mg [11]. However, experimental results suggest that positron
lifetime for a monovacancy in Mg is &~ 255 ps [12]. Therefore, positron lifetime measurements
testify to presence of quenched-in vacancies or small vacancy clusters in the quenched alloys.

On the other hand, the alloys aged at ambient temperature for 2 months exhibit single
component spectra with lifetime 71 ~ 225 ps which agrees well with the bulk positron lifetime
in Mg [11]. Hence, they are defect free within the sensitivity of positron lifetime spectroscopy.

Table 3. Results of positron lifetime measurements.

quenched alloys aged alloys (2 months)
m(ps)  L(%) mps) L(%)  mps) L (%)
MgdGd  219.7(5) 92.5(5) 290(10) 7.5(5) 225.5(2) 100
Mg9Gd 218.6(5) 88.4(5) 300(5) 11.6(5)  225.2(2) 100
Mgl5Gd  214.6(7) 80.5(6) 295(5) 19.5(6)  225.4(2) 100
Mgl3Th  214.0(8) 84.3(7) 280(15) 15.7(7)  225.5(2) 100




Results of coincidence Doppler broadening measurements performed on Mgl5Gd and Mgl13Th
alloys are shown in figures 3a and 3b, respectively. Ratio curves of quenched alloys show peak
located at p ~ 8 x 1072 mgc which testifies to enhanced concentration of Gd or Tb around
quenched-in vacancy clusters. Amplitude of this peak significantly decreases after aging due to

disappearance of quenched-in vacancy clusters.
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Figure 3. Coincidence Doppler broadening ratio curves: (a) Mgl5Gd, (b) Mgl3Th.

Under the assumption that vacancy-Gd (or Tbh) complexes consist of Mg monovacancy and
a solute atom, concentration of quenched-in vacancy-Gd (or Tbh) complexes can be calculated
from positron lifetime data according to the simple trapping model [13]:

1 1 1
Cpairs = —L{———,
Vy T1 T2

where v, = 1.1 x 10'3 57! is the specific positron trapping rate for vacancy in Mg [14].

Note that the specific positron trapping rate for a small cluster composed of N vacancies
is Nv,. Therefore, trapping rate to vacancies of fixed concentration is the same independently
whether they exist as isolated monovacancies or form small vacancy clusters providing that
positron trapping is in transition limited regime [15], i.e. the mutual distance among vacancy
clusters is significantly smaller than the mean positron diffusion length.

(6)
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vacancy and Gd or Th was assumed to be

Gd/Tb content (at. %) 0.05 eV.

Values calculated according to equation 6 can be compared to the equilibrium concentration
of vacancy-Gd (or Tb) pairs at solution treatment temperature 7' given by expression:

Sy E,r—FE
C;airs = cexp (k‘lj> €xp (_}::ijb> ) (7)



where kp is the Boltzmann constant, S, ; ~ 2kp is the vacancy formation entropy [16]. The
values of vacancy formation enthalpy E, ¢ reported in literature fall into the range 0.79-0.85 eV
[17, 18, 12]. Ej is the binding energy between vacancy and Gd or Tb. The latter quantity is not
known, but putting Ep = 0.05 eV, i.e. assuming small attractive interaction between vacancy
and Gd or Th atom, the equilibrium concentration of vacancy-Gd(Tb) pairs given by equation
(7) falls into the shaded area in figure 4 which is in good agreement with experimental data.

4. Discussion

All studied Mg-RE alloys exhibit natural aging and the magnitude of hardening during
aging as well as the concentration of quenched-in vacancy clusters increase with increasing
concentration of RE alloying elements. It was found that early stages of precipitation are
controlled by quenched-in vacancies. Positive binding energy between vacancy and solute
atoms facilitates creation of solute-vacancy complexes during solution treatment at elevated
temperature. However, since the binding energy between vacancy and Gd or Tb is comparable
to the thermal energy most vacancies are not bound to Gd or Tbh solutes during the solution
treatment. In quenched samples free vacancies are quickly annealed out at room temperature
but they can also bind to RE solutes. Vacancies associated with RE solutes are more stable and
facilitate diffusivity of the solute RE atoms. Hence, the early stages of precipitation are strongly
affected by the concentration of quenched-in vacancies bound to RE solutes. Agglomeration of
solutes to small clusters proceeds by vacancy-assisted long-range diffusion. Solute clusters with
defected structure containing vacancies are formed in the initial stage and further develop into
precursors of the coherent D0qg precipitates.

Ab-initio theoretical calculations of positron lifetime for vacancy clusters with different
sizes were performed to estimate the number of vacancies in vacancy-Gd (or Tbh) complexes.
Positron lifetimes were calculated within the so-called standard scheme [19] employing the atomic
superposition method [20]. The electron-positron correlation was treated using the local density
approximation according to the parametrization by Boroski and Nieminen [21]. The calculations
were performed in 512 Mg atom based supercells. Vacancies and vacancy clusters were modeled
simply by removing the corresponding number of atoms from the supercell.

Results of these calculation are presented in figure 5. Measured positron lifetime of defect
component in quenched samples agrees well with the lifetime of =~ 300 ps calculated for a Mg
monovacancy. Note that similar lifetime was calculated for Mg monovacancy in reference [11].
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On the other hand, the experimental lifetime value of ~ 255 ps was determined by in-situ
positron lifetime study of Mg samples annealed in the temperature range 0-600°C through
fitting of the temperature dependence of the mean positron lifetime [12]. Low temperature
measurements of quenched and electron irradiated Mg samples performed in reference [12]



revealed defect component with positron lifetime of (350 4= 20) ps. Comparison with theoretical
calculations suggests that in quenched and irradiated samples positron trapping occurs at
complex small vacancy clusters consisting of 2-3 vacancies.

Nevertheless, the large difference between experimental and theoretical lifetimes for Mg
monovacancy is very remarkable. In addition, the experimental value ~ 255 ps determined
in reference [12] is practically the same as the positron lifetime determined experimentally for
dislocations in Mg which is ~ 250 ps [22, 23, 24]. Therefore, further investigations are needed
to definitively resolve these discrepancies and firmly assign the positron lifetime for vacancy
in Mg. Hence, at the present stage of knowledge we can conclude that quenched Mg-Gd and
Mg-Tb alloys studied here contain either monovacancies or small vacancy clusters (consisting of
2-3 vacancies) bound to Gd or Tb solutes.

The kinetics of natural aging is not the same for all studied alloys. The Mgl5Gd and Mgl13Th
alloys show significantly shorter incubation period of hardening than Mg4Gd and Mg9Gd alloys.
This is most likely caused by higher concentration of alloying elements and thereby also higher
concentration of quenched-in vacancies bound to RE solutes. However, further studies are
required to elucidate the factors influencing the kinetics of natural aging in Mg-RE alloys.

5. Conclusions

Natural aging of Mg-Gd and Mg-Tb alloys associated with clustering of solute atoms was
observed in this work. Theoretical model of hardening during natural aging showing good
agreement with experimental data was developed.

Presence of quenched-in vacancy/vacancy cluster-Gd (or Tb) complexes in solution treated
alloys was confirmed by positron annihilation spectroscopy. Quenched-in vacancies or vacancy
clusters composed of up to three vacancies facilitate diffusion of Gd or Tb atoms in Mg matrix
and disappear when the development of solute clusters is finished.
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Investigation of precipitation effects in solution treated Mg—Tb and Mg—Tb-Nd alloy was performed. Solution
treated alloys were compared with samples deformed by high pressure torsion to examine influence of deformation
on precipitation effects. Dislocations present in samples processed by high pressure torsion can serve as diffusion
channels for atoms and also as nucleation sites for precipitates. Therefore precipitation of some phases in high
pressure torsion deformed samples was observed at lower temperatures than in solution treated ones.
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1. Introduction

Mg—Tb is a novel hardenable alloy with good creep
resistance at elevated temperatures with promising ap-
plications in aerospace and automotive industry. The
solubility of Th in Mg reaches maximum of 24 wt% at
eutectic temperature 559 °C [1] and strongly decreases at
lower temperatures. Therefore, supersaturated solid so-
lution can be prepared by annealing at solution treatment
temperature and subsequent fast quenching.

With increasing temperature, supersaturated solid so-
lution ' decomposes according to the sequence [2]:

o' (hep) — B”(D019) — B'(c-bceo)
— B(bee, Mgy, Ths). (1)

The B” transient phase exhibits hexagonal D019 struc-
ture and is fully coherent with Mg matrix. The semi-
coherent transition B’ has c-base centered orthorombic
structure (c-bco). The stable 8 phase exhibits body cen-
tered cubic (bcc) structure and is incoherent with Mg
matrix. Lattice mismatch at the interface of semicoher-
ent or incoherent particles and Mg matrix is compensated
by open-volume misfit defects.

Addition of Nd to MgTb alloying system modifies the
precipitation sequence to [3]:

o' (hep) — B”(D01g clusters) — 37 (D0;g plates)
— B’(c-beo) — B (fee, Mgz Gd type)
— B(fce, MgsGd type) — B(bct, Mgy Nd5 type).
(2

Industrial applicability of Mg-RE (rare-earth) alloys is
limited by their low ductility which can be improved by
grain size refinement [4]. Novel techniques for grain size
refinement based on severe plastic deformation (SPD)
were recently developed [5]. Finest grain size (typi-
cally ~ 100 nm) is achievable by high pressure torsion
(HPT) [5], where initially coarse-grained material is si-

*corresponding author; e-mail: vlcek@mbox.troja.mff.cuni.cz

multaneously deformed in torsion and compressed by
pressure of several GPa.

SPD creates large amount of defects, mainly disloca-
tions and vacancies [5]. In case of age hardenable alloys
it is expected that presence of defects induced in the ma-
terial by SPD will influence decomposition of supersatu-
rated solid solution.

Positron lifetime (LT) spectroscopy [6] is well estab-
lished technique ideally suited for investigation of open-
-volume misfit defects created by presence of semicoher-
ent and incoherent phases in Mg matrix and also defects
created in material by HPT deformation.

2. Experimental details

Samples of binary Mg-13 wt%Tb alloy (MgTh) were
produced by squeeze casting under a protective Ar +
1%SFg atmosphere. As-cast samples were solution an-
nealed at 530°C for 6 h under Ar atmosphere and subse-
quently quenched into water of room temperature. Com-
position of solution treated sample was determined by
chemical analysis as 13.3 wt% Tb and balance of Mg.
The content of Tb is well under the solubility of Tb in
Mg at 530°C, which is 22 wt%.

Samples of ternary Mg-3.6 wt%Th—-2.1 wt%Nd
(MgTbNd) alloy were also produced by squeeze cast-
ing under Ar + 1%SFg atmosphere. Solution treatment
at 500°C for 4 h was finished by quenching into wa-
ter of room temperature. Selected samples of MgTh
and MgTbNd alloys after the solution treatment were
deformed by HPT at room temperature using hydro-
static pressure of 6 GPa and 5 revolutions. Both solu-
tion treated and HPT deformed samples were subjected
to isochronal annealing with steps 20°C/20 min. Each
annealing step was finished by quenching into water of
room temperature and then hardness and positron life-
time measurements were performed.

Positron LT measurements were performed using a dig-
ital positron LT spectrometer [7] with outstanding time
resolution of 145 ps (FWHM 22Na). 22NayCOj3 positron
source deposited on a 2 pym mylar foil was used and at
least 107 annihilation events were accumulated in each

(744)
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LT spectrum. Decomposition of LT spectra into individ-
ual components was performed by a maximum likelihood
code [8]. The goodness-of-fit expressed by the x? value
per degree of freedom was always below 1.03.

Vickers hardness (HV) was measured on polished sam-
ples using microhardness tester Struers Duramin 300 us-
ing a load of 100 g applied for 10 s. Each measurement
was repeated at least ten times to improve precision of
measurement and estimate statistical uncertainty of the
hardness value.

3. Results

Evolution of HV of solution treated and HPT deformed
MgTb samples during isochronal annealing is shown in
Fig. 1. One can see in the figure that maximal hardness
of solution treated samples is reached at (200+40) °C and
it is associated with precipitation of 3" phase with D0yg
structure which was identified in the sample by selected
area electron diffraction (SAED) [9]. At 260°C hardness
drops due to coarsening and dissolution of 8" particles.
Subsequently hardness increases again and reaches local
maximum at 280 °C. This is caused by precipitation of 8’
phase which was identified in the sample by SAED. Let
us note that two stages corresponding to formation of 5"
particles and subsequent precipitation of 8’ phase was
found in the temperature dependence of electrical resis-
tivity [9].

140
—o— solution treated
—e— HPT deformed
120
- 100 r
o
>
T
80 +
60 +
0 100 200 300 400 500
T(°C)
Fig. 1. Temperature dependence of HV for solution

treated (open points) and HPT deformed (full points)
MgThb alloy.

Initial hardness of HPT deformed samples is signifi-
cantly higher than that of solution treated samples due
to grain refinement and introduction of lattice defects
during HPT deformation. Maximum hardness is reached
at (180 £40) °C and at temperatures above 220 °C hard-
ness decreases due to grain growth and recrystallization.
At 360 °C process of recrystallization is finished and hard-
ness is similar as hardness of solution treated samples.

Temperature dependence of the lifetimes resolved in
positron lifetime spectra of solution treated samples is
plotted in Fig. 2a. After solution treatment the MgTh
alloy exhibits a single component spectrum with life-
time which agrees well with the bulk Mg lifetime 7, =

(224.8£0.5) ps [10]. Hence, within sensitivity of LT mea-
surement the sample can be considered as a defect-free
material. In temperature range 120-380 °C an additional
component with lifetime 79 & 256 ps appeared in the
measured LT spectra. Lifetime of this component agrees
well with the lifetime of positrons trapped in vacancy-like
misfit defects at interfaces between semicoherent or inco-
herent precipitates and Mg matrix [10, 11]. The intensity
I of this component is plotted in Fig. 2b as a function
of annealing temperature. For comparison temperature
dependence of HV is plotted in the figure as well.
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Fig. 2. Solution treated MgTb alloy subjected to

isochronal annealing: (a) temperature dependence of
positron lifetimes, (b) temperature dependence of HV
(open points) and I» (full points) for solution treated
MgTb alloy subjected to isochronal annealing.

There are two pronounced peaks in the temperature
dependence of I5. The highest value of I5 is reached af-
ter annealing at (1604 20) °C. This peak occurs at lower
temperature than the temperature of maximum harden-
ing, i.e. (200 + 40)°C, and it is associated with early
stages of precipitation of 8" phase. Although 8" phase
is coherent with matrix in early stages of precipitation,
the structure of 3" particles is not perfect and contains
vacancy-like defects which are trap positrons. When
finely dispersed precipitates of 3" with well-defined ori-
entation with respect to the Mg matrix are formed, they
contain less vacancy-like defects. Therefore decrease in
15 is observed. On the other hand, this condition is most
favorable for precipitation strengthening mechanism and
maximum hardness is achieved. Thus maximum value
of I intensity is reached at lower temperature than the
maximum hardness although both are associated with
the precipitation of 3" phase.
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Fig. 3. Solution treated MgTbNd alloy subjected to

isochronal annealing: (a) temperature dependence of
positron lifetimes, (b) temperature dependence of HV
(open points) and Ip (full points) for solution treated
MgTbNd alloy subjected to isochronal annealing.

To examine the influence of addition of Nd to Mg-Tb
alloying system, samples of MgTbNd alloy were investi-
gated by HV and LT measurements. Temperature de-
pendence of positron lifetimes, HV and Is for solution
treated and HPT processed MgTbNd samples are shown
in Figs. 3 and 4, respectively. After solution treatment
MgTbNd alloy exhibits the lowest hardness. During
isochronal annealing HV increases with increasing tem-
perature and reaches maximum at (220 + 20)°C. This
hardening peak is associated with formation of plates
of 8" phase. At slightly higher temperature particles
of f’ phase are formed which coexist with plates of 5"
phase at temperature around 270°C [3]. This leads to
a decrease of hardness and subsequent annealing up to
500°C does not produce any further pronounced hard-
ening. Results of LT measurements of solution treated
MgTbNd alloy revealed presence of a second component
with lifetime of (280 4+ 20) ps at temperatures up to
100°C. This long-lived component can be attributed to
positrons trapped at quenched-in complexes of vacancies
and Nd or Th atoms. Since quenched-in vacancies were
not observed in the binary MgTb alloy the vacancies are
likely associated with Nd atoms. At 120°C this compo-
nent disappears because vacancies bound to solutes are
annealed out. From 120°C up to 280°C there is only
one component present in LT spectra and virtually all
positrons annihilate in the free state.

Hence, contrary to MgTb alloy particles of 3" particles
in MgTbNd alloy exhibit well-defined structure without
vacancy-like defects. Second component appears again at
temperatures above 300 °C, however, now it has lifetime

280
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Fig. 4. HPT deformed alloy subjected to isochronal

annealing: (a) temperature dependence of positron life-
times, (b) temperature dependence of HV (open points)
and I (full points) for HPT deformed MgTbNd alloy
subjected to isochronal annealing.

of (256+5) ps which corresponds to positrons trapped at
misfit defects at the precipitate—matrix interface. Pres-
ence of misfit defects implies that semicoherent or inco-
herent precipitates are formed in this temperature range.
Maximum intensity of second component is reached at
(340£20) °C and is associated with formation of semico-
herent 8y phase. After further annealing MgsGd-type
phase is formed at 390 °C and only few irregular particles
of the Mgy, Nds-type phase are present after isochronal
annealing up to 500°C [3]. Although these phases are
also not coherent with Mg matrix, they trap significantly
smaller fraction of positrons than semicoherent 3, phase.
This decrease of fraction of positrons trapped at misfit
defects at interfaces is caused by coarsening of particles
at temperatures higher than 340°C. As precipitates join
together, their number density and also the surface area
decrease resulting in a significant reduction of concentra-
tion of misfit defects at interfaces.

HPT processed samples exhibit significantly higher ini-
tial hardness due to grain refinement and lattice defects
introduced during deformation. Maximum hardness as-
sociated with formation of plates of 8" phase is reached
at (180+20) °C. At temperatures above 200 °C hardness
decreases due to grain growth and minimum hardness is
reached at (380 £ 40)°C. Possible changes of hardness
caused by precipitation of 3’ and 3; are difficult to dis-
tinguish because they are overwhelmed by the major de-
crease in hardness due to grain growth occurring in the
same temperature range. At temperatures over 380°C
there is slight increase in hardness caused by formation
of 8 phase.
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HPT deformation introduces dislocations into the pro-
cessed material. This is testified by presence of the sec-
ond component with lifetime of (256 £ 2) ps in the mea-
sured LT spectra at temperatures up to 100°C. Life-
time of this component agrees well with the lifetime re-
ported for positrons trapped at dislocations in Mg [10].
At temperatures below 100 °C range we can observe very
high intensity I of the second component since almost
all positrons are trapped at defects. This is in agreement
with expected high density of defects introduced by HPT
processing. Intensity of Iy starts to decrease at 120°C
and reaches zero at 180°C where defects introduced by
HPT deformation were annealed out. The component
with lifetime of (256 4 2) ps appears again after anneal-
ing at 220°C and higher temperatures. In this tempera-
ture range it is associated with misfit defects at interfaces
between Mg matrix and semicoherent or incoherent pre-
cipitates. Intensity I of this component reaches local
maximum at 260°C and then gradually decreases until
it finally disappears at 500°C. Peak in intensity of the
second component is associated with formation of semi-
coherent (3; phase. Further annealing leads to coarsening
and dissolution of 5; precipitates followed by formation
of coarse [ phase particles. These processes cause the
decrease of I.

4. Discussion

Comparison of temperature dependence of hardness of
solution treated and HPT deformed MgTb alloy clearly
shows that maximum hardening is achieved at lower tem-
peratures in HPT deformed samples. Deformation dur-
ing HPT processing introduces high density of disloca-
tions which serves as nucleation centers for formation of
second phase particles and also facilitates diffusion of so-
lutes (pipe diffusion). This leads to precipitation of 3 at
lower temperatures than in solution treated samples. Al-
though " phase itself is coherent with matrix in the early
stage of precipitation, 8" particles may contain vacan-
cies. When precipitates of 5" with well defined structure
and orientation with respect to the Mg matrix develop,
vacancies gradually disappear.

In the binary MgTb alloy the 8” phase particles con-
tain vacancy-like defects while in the ternary MgTbNd al-
loy no vacancy-like defects associated with the 8" phase
have been detected. It indicates that in MgTbNd g”
phase particles exhibit well defined D019 structure al-
ready in early stages of precipitation while in MgTb
8" particles exhibit more defected structure in the
early stages of precipitation. Semicoherent §; phase in
MgTbNd alloy exhibits exceptionally strong trapping of
positrons. Peak in intensity I of the second component
in LT spectra, corresponding to misfit defects at the in-
terface between 5 phase and Mg matrix, was also shifted
to lower temperatures in HPT processed alloy. Thus £
phase also forms at lower temperatures in HPT deformed
samples.

5. Conclusions

Maximal hardening in MgTh alloy is associated with
precipitation of coherent 8" phase which is formed by
thermally activated long-range diffusion of Th. In HPT
deformed alloy precipitation of 3’ phase occurs at lower
temperature than in the solution treated alloy due to dis-
locations introduced by severe plastic deformation. Pres-
ence of vacancies associated with 8" phase was confirmed
by a rise of a component with lifetime of 256 ps in LT
spectra at temperatures corresponding to the early stages
of precipitation.

In solution treated and HPT deformed MgTbNd al-
loy maximum hardness is also associated with precipi-
tation of 8" phase. Similar to MgTh, in HPT deformed
MgTbNd alloy precipitation of 8 phase is also promoted
by defects introduced by severe plastic deformation and
takes place at lower temperatures. However, contrary to
MgThb in MgTbNd samples 8”7 phase is not associated
with presence of defects. The semicoherent 3 phase ex-
hibits exceptionally strong trapping of positrons and its
precipitation is also shifted to lower temperatures in HPT
deformed samples.
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