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Kurzfassung
Mg-Materialien verschiedener Reinheitsgrade sowie Mg legiert mit Zn und Ca wur-
den verschiedenen thermischen und mechanischen Behandlungen unterworfen. An-
schliefend wurde ihre Festigkeit mittels Mefung der Vickers Mikrohérte (HV) bes-
timmt.
Die Proben wurden entweder abgeschreckt oder mittels Hochdrucktorsion (HPT)
verformt und darauthin im Temperaturbereich zwischen 50°C-200°C gealtert.
Sowohl die abgeschreckten als auch die HPT-verformten Proben jedes Materials
zeigten einen deutlichen Anstieg der HV nach dem Altern, der auch grofler als der
in ausschlieBlich verformten bzw. abgeschreckten Proben war. In allen untersuchten
Materialien war ein HVMaximum im Temperaturbereich zwischen 90°C-150°C zu
beobachten, wihrend Behandlungen bei hoheren Temperaturen zu einer Abnahme
der Harte fiihrten. Nur die HV von schwach verformten Proben zeigte eine sofortige
Abnahme nach dem Altern. Um die Ursachen fiir den Anstieg der HV zu untersuchen
wurden reines Mg und Mg-Zn-Ca mit elektronenmikroskopischen Methoden unter-
sucht. In Mg-Zn-Ca Proben konnten dabei fiir alle Behandlungen- abgeschreckt,
verformt mit und ohne anschliefendes Altern- grofle Ca-Oxid Partikel nachgewiesen
werden, wiahrend die HPT-verformte und auch die anschliefend gealterte Probe auch
kleine Ca-reiche Ausscheidungen aufwies. Die Dichte dieser Ausscheidungen stieg
zwar wahrend des Alterns an, jedoch in einem viel zu geringem Ausmaf, als das der
Anstieg der HV dadurch allein erklart werden konnte.
Kleine Versetzungringe konnten in HPT verformten Proben aus reinem Mg nachgewiesen
werden; in anschlieBend gealterten Proben waren auch grofiere Versetzungsringe zu
beobachten.
Zusammenfassend wird daher vorgeschlagen, den beobachteten Hartungseffekt auf
Bildung und Wachstum von aus Leerstellen gebildeten Versetzungsrigen bzw. der
Bildung von Leerstellenagglomeraten zurckzufhren. Diese Defekte bilden sich méglicher-
weise wihrend des Abschreckens bzw. der Verformung, sicherlich aber wahrend des

darauffolgenden Alterns .






Abstract

Mg materials of different purities, as well as Mg-alloys containing Zn and Ca have
been processed by different thermal and mechanical treatments, and their strength
was continuously investigated by Vickers microhardness (HV) measurements. The
treatment consisted of either quenching or of High Pressure Torsion—deformation
(HPT) and of subsequent aging at temperatures between 50°C — 200°C.

During aging, both the quenched and HPT deformed specimens of all types of ma-
terials showed a marked increase of HV which was larger than that found in solely
quenched or HPT-processed specimens. In all investigated materials a maximum
of HV occurred at aging temperatures between 90° — 150°C followed by a decrease
of HV at higher aging temperatures; only the HV of weakly deformed specimens
immediately decreased during aging. To find out the reasons for the maximum in
HV, several methods of Electron Microscopy have been applied on two materials,
pure Mg and a Mg-Zn-Ca alloy. Samples out of the Mg-Zn-Ca alloy being quenched
and aged, or HPT deformed, or HPT deformed and aged showed large Calcium Ox-
ide particles in every specimen, as well as small Ca-rich precipitations in the HPT
deformed and additionally aged specimens. Although the density of these precip-
itations increased with aging, quantitative estimations of precipitation hardening
showed that the latter could by far not account for the marked increase in HV.
Samples out of pure Mg showed small dislocation loops in HPT-deformed and larger
dislocation loops in additionally aged specimens.

In conclusion it is proposed that the observed hardening effect is caused by the for-
mation and coarsening of vacancy-type dislocation loops and/or agglomerates which
may develop already during quenching or during HPT deformation, but certainly

during thermal aging.
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Chapter 1

Introduction

1.1 Biodegradable Magnesium Implants

Magnesium, with the atomic number 12, is a light metal and a common metal in the
earth crust. Its pure form was synthesized first by Antoine Bussy in 1828 and nowa-
days is a common and popular material in construction, agriculture and medicine
[1]. Its advantages as an industrially used metal include the lowest density of all
metallic constructional materials and a high specific strength, but it also has a low
elastic modulus and high chemical reactivity [2].

Those last two points — which impede the industrial use of Magnesium — make it a
very attractive candidate for the use as biodegradable implant. It has been consid-
ered for such a purpose for almost 150 years, with various areas of application [3].
The use as an osteosynthetic material in particular was presumably suggested first
by Payr in 1900, who put the use of pins, nails, wires, pegs, sheets and plates made
of Magnesium forward ([4][3][5]).

Compared to commonly used implant— and fixture-materials the mechanical proper-
ties of Magnesium are more compatible to the bone [6], which makes it an attractive

candidate for such purposes.

Bone Mg Titanium Alloy
Elastic Modulus [GPa] | 17-20 [7] | 41-45 [1] 110-117[6]
Yield Strength [MPa] | 77-95 [7] | 21-150 [1] | 380-875 [§]

Table 1.1: Mechanical properties of the human femoral bone, Magnesium and Tita-
nium alloys

Although successful treatments of patients were reported by Payr and contempo-
rary authors, until now Magnesium implants don’t play an important role in surgery
[3]. It has been speculated that the reason lies in the unpredictable corrosion of Mag-
nesium and the subsequent loss of mechanical support [5].

Furthermore, Magnesium — as a soft and brittle metal — is of limited suitability for

1



load—bearing purposes, which should be guaranteed during degradation. Alloying
Magnesium with other metals to influence degradation properties has been discussed
since the beginning [3], but simultaneously optimizing the mechanical properties re-

mains a challenge.

1.2 Previous Works

In a recent work by Horky et al. ([9],[10]) the Vickers hardness HV of a biodegradable
Magnesium—Zinc—Calcium alloy, which previously was processed by High Pressure
Torsion (HPT, see chapter 3.2.3 for a detailed explanation) and subsequently aged,
was investigated. The samples were either not deformed or HPT—processed at 4
GPa by either 2 rotations (corresponding to v ~ 31, see 3.2.3) or 0,15 rotations
(corresponding to 7 & 2) and afterward aged in a silicon oil bath for one hour. The
results of the HV measurements are shown in figure 1.1 below. A strong increase in
HYV after aging can be observed in samples HPT—processed by v &~ 31, while samples
HPT-processed by v &~ 2 show a less pronounced increase and the non deformed

samples no significant change in HV at all.
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Figure 1.1: HV of a HPT-processed and aged Mg-Zn-Ca alloy ([9],[10]), courtesy
of the authors

A likely explanation for this behavior in the case at hand would be the pre-
cipitation of Calcium-rich particles during aging, which would lead to an increase

in hardness via precipitation—hardening. Further investigations with transmission



electron microscopy (TEM), scanning electron microscopy (SEM) and atom probe
tomography (APT) were carried out with the result that not only the grain size does
not change, but also no new Ca-rich particles precipitate during aging *([9],[10]).
While an increase in hardness or strength after aging of plastically deformed met-
als is an unusual effect, the increase of strength after aging quenched samples from
temperatures near the melting point is well known as “Quench Hardening”. This
particular effect can be traced back to the agglomeration of vacancies — which exist
in supersaturation after quenching — to large vacancy clusters or loops and has been
studied extensively in the past (see for example [11] [12]).

The case of Magnesium in particular was investigated in 1974 in an article by Hamp-
shire and Hardie [13], where an increase in flow stress up to 60% could be achieved
via quenching and subsequent aging of polycrystalline Magnesium of 99.95% purity
(commercially pure Magnesium, abbreviated “CP-Mg”). Specimens were quenched
from 525°C and subsequently aged for different lengths of time at temperatures be-
tween 25°C and 330°C. Afterward, tensile tests were performed and the 0,1% flow
stress was measured. Figure 1.2 shows the effects of 10 min isochronal aging on the

flow stress increment of from 525°C quenched samples.
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Figure 1.2: Increase of the 0,1% flow stress with aging temperature after quenching
[13]

The authors suggest that this increase might be due to the formation of prismatic
loops in the course of aging of the quenched specimens and provide TEM images
of not only prismatic loops but also other complex defect structures (see figure 1.3
below).

They also made a first attempt of modeling the effect, starting with Orowan’s

lalthough pm-sized Ca-rich precipitations could be found in all samples in equal density



Figure 1.3: Loops in quenched/aged CP-Mg (left) and other complex dislocation
structures in purely quenched CP-Mg (right). [13]

equation (see chapter 2.2.3) and proposed equation 1.1 (below) to describe the de-
pendence of the strength increment Ao on the material parameters G (shear mod-

ulus) and b (Burgers vector) as well as the number of loops N and their diameter
d.

Gb
Ag=—- (Nd)'/? (1.1)
The results of Hampshire and Hardie have been evaluated further by Kirchner
[14], whose results will be discussed in chapter 2.2.3.
The generation of vacancies during plastic deformation is a well known effect [12]

and has been observed in the past in high concentrations in SPD—processed metals

([15] [16]).

1.3 Aim of this Work

The similarity of the effects observed by Hampshire and Hardie [13] and Horky et
al. ([9],[10]) leads to the hypothesis that the coarsening or even the formation of
prismatic loops and vacancy clusters takes place during aging after SPD—processing
and leads to a significant hardening.

This work aims to investigate the above mentioned hypothesis by comparing the
results reported by Horky et al. ([9],[10]) to data gained by quenching and subse-
quent aging of the same Mg-Zn-Ca alloy. Furthermore, a Magnesium-Zinc alloy
and pure Magnesium will be will be studied with respect to their Vickers hardness
after quenching/aging to determine the role alloying elements play in quench hard-
ening of Magnesium. The results of Horky et al. ([9],[10]) will also be compared
to the results gained by similarly processing commercially pure and ultra—high pure
Magnesium (see chapter 3.1.1) to determine the role alloying elements play in the

HPT-—processing of Magnesium.



Chapter 2

Theoretical Background: The
Strength of Hexagonal Metals

The Springer Handbook of Materials Measurement Methods defines hardness “as the
resistance of a material to permanent penetration by another material” ([17]311). A
hardness measurement is performed by testing the resistance of a test block with an
indenter of specified shape and material. The result is, therefore, always dependent
on the way the measurement is performed, especially by the material and shape
of the indenter, and various standardized procedures have been established in the
past to ensure comparability of the results([17] 313). As the parameter “hardness”
always stems from plastic deformation, the chapters 2.1 and 2.2 provide an overview

of plastic deformation in materials with hexagonal structure.

2.1 The Hexagonal Structure and Defects Therein

The hexagonal structure of materials is one of two ways to achieve a most dense
arrangement of atoms (close—packed structure), the other being the face centered
cubic (fcc) one. While both have the same packing efficiency of ~ 74%, they differ in
the arrangement of atoms (which may be assumed as solid spheres for all practical
purposes). In the fcc structure every third layer of atoms directly overlaps, leading
to a stacking order of ABCABCABC..., whereas in the hexagonal structure every
second layer of atoms overlaps, leading to a stacking order of ABABABABAB. The
close-packed plane of the hexagonal structure is the basal plane (0001) and the
shortest lattice vectors are of the type % <11§0>



2.1.1 Stacking Faults

....in the basal plane ! are divided into three different types, the two intrinsic I; and
I, and one extrinsic E. Table 2.1 (below) gives an overview of the different stacking
faults and their associated energies; main contributions arise from second-neighbor

sequences of the planes [12].

Typet Reaction Energy

I, ABABABAB... — ABABBABA... — ABABCBCB... v,

I, ABABABAB... — ABCACABAB... Yo & 2911
E ABABABAB... — ABABCABAB... vE =~ 371

Table 2.1: Stacking faults of the basal plane in the hexagonal structure and their
energies (after [12]p104)

2.1.2  Slip

..... in hexagonal metals can be divided into basal and non—basal slip. Since the basal
plane is the close-packed one, it can be expected that the main slip system consists
of the basal plane in the direction of the shortest lattice vector % <11§0> [12]. Other
slip systems are the prismatic and pyramidal one, of the planes (1010) and (1011),
respectively, in the same direction ([12],[18]). These are expected to have a higher
critical resolved shear stress (CRSS) than the basal slip system. However, this holds
only true for an ideal hexagonal structure, defined by a ratio of the cell parameters
<= \/g ~ 1,633, in which the basal plane is the close—packed one.

Magnesium has a ¢ ratio of 1,623 and indeed a CRSS of 0,52 MPa to 0,81 MPa [19]
for the basal slip system can be observed, whereas the CRSS of the other observed
slip system, the prismatic one {1010} 1 (1120), is given with 39MPa to 52MPa [19].

2.1.3 Vacancies and Dislocation Loops

Two types of dislocation loops are observed in metals: shear loops whose Burgers
vector b lies in the plane of the loop and prismatic loops whose Burgers vector
points out of the dislocation plane. While the first can expand and shrink via glide
(i.e. conservative motion), the latter can only expand and shrink while absorbing
or emitting vacancies (or interstitial atoms) [12]. In table 2.2 the two types of
dislocation loops are compared.

Vacancies in hexagonal metals can precipitate in the close-packed planes (in

the ideal case, the (0001) plane) as platelets to form prismatic dislocation loops if

laccording to Hull and Bacon [12] it is a matter of speculation whether stacking faults in other

planes exist or not



\ \ Shear loops \ Prismatic loops \

=

b in plane out of plane
Glide plane plane of the loop loop glides along the dis-
location line in direction
of b
Origin e collapse of vacancy | e collapse of vacancy
voids associated with for- | voids associated with for-
mation of mation of Iy
e Orowan mechanism e annihilation of disloca-
tion dipoles
e intermediate jogs
e Hirsch mechanism

Table 2.2: Comparison of dislocation loops in metals, [12]

present in a higher than equilibrium concentration [12]. A list of origins is given

below:

1. Thermal Vacancies

Some vacancies are always present in metals due to thermal fluctuations, since
there always is the chance that single atoms “escape” the crystal and leave a
vacancy behind (provided the material’s temperature is higher than 0°K).The
atomic concentration of n such vacancies in thermal equilibrium at a tem-
perature 7T in a crystal consisting of N atoms is dependent on the vacancy’s

enthalpy of formation G and given in equation 2.1 below [20].
_Gr
— 6( kBT) (2.1)

. Irradiation Vacancies
Irradiation of metals with elemental particles (e.g.: electrons, protons, neu-
trons, heavy ions) can also be the the cause for the formation of vacancies and

point defects in general [20].

. Plastic deformation

Vacancy jogs are parts of a screw dislocation that have edge-character with
a Burgers vector different from the Burgers vector of the original dislocation.
Thus a jogged screw dislocation can only move non—conservatively, which re-
quires a sufficiently high stress and thermal activation. If these conditions are

satisfied the moving dislocation will leave a trail of vacancies behind [12] 2.

2alternatively, a trail of interstitial atoms will be left behind



2.2 Strength Effects

To increase the hardness of a material always means to hinder the glide of disloca-

tions. In the following, three ways to harden materials will be described.

2.2.1 Grain—Boundary Hardening

Grain—boundaries impede dislocation and therefore changing the grain size leads
to an increase in yield strength. This effect is described by the Hall-Petch equa-
tion (equation 2.2 below) which relates the increase in yield strength Aaf P to the

(average) grain diameter d and the material’s constant k, [21].

AchP — Ka

=V
2.2.2 Work Hardening

(2.2)

Because of the displacement of the atoms from their ideal positions, dislocations
produce a stress field in the matrix surrounding them. The stress fields of many
dislocations will interact and can impede the movement of dislocations in the crystal.
Also, jogs in dislocations —formed when two dislocations cross— hinder dislocation
motion trough pinning.

This causes an increase in yield strength Ay which is proportional to the dislocation
density p, the shear modulus G and the Burgers vectorb and given in equation 2.3

below [20].

Ao? = Gby/p (2.3)

2.2.3 Precipitation Hardening

Impenetrable, incoherent particles provide effective obstacles [12] impeding the glide
of a dislocation. The parts of the dislocation close to the obstacles get pinned by
them, forcing the dislocation to bow out. Orowan related this mechanism to the
applied stress and proposed the well-known Orowan equation (equation 2.4 below),
that relates the increase in stress 7o caused by foreign particles to the shear modulus

G and the Burgers vectorb of the material.

Gb
TOR — T (24)



where [ denotes the mean distance between precipitations in the glide-plane. In-
creasing the number of such obstacles — for example by precipitations of a second

phase — in materials is, therefore, a way to harden them.

Approach situation

f—L—

FENEEEEESIYE

Force th per unit length

Critical situation

Figure 2.1: Ilustration of the steps of the Orowan effect, according to [22]

Equation 2.4 has the drawback of requiring the distance between single particles
in a single grain, which in practice is not an easily obtainable value. Thus, it
was improved in the past, especially to consider effects of statistically distributed
particles via their volume fraction f and diameter D , of polycrystallinity and the

conversion from shear stress 7 to tensile stress Ao, ([22] ,[23]).

B Go/f, (D
Ao, = 0,538 D In <2b) (2.5)

Although impenetrable obstacles as origins of the Orowan effect are usually as-
sociated with particles of a second phase, prismatic dislocations loops haven been
considered in an article by Hampshire and Hardie [13] to act as part of an “Orowan
type process”. They [13] could achieve an increase in flow stress of polycrystalline
Magnesium up to 60% via quenching and subsequent aging which they attribute to
the formation prismatic dislocation loops in the basal plane.

Especially for hexagonal metals such an effect can play an important role in increas-
ing strength, because vacancies precipitate in the basal plane which also is part of
the preferred slip system.

Kirchner [14] thoroughly investigated the data reported by Hampshire and Hardie

9



[13] and proposed the relationship given in equation 2.6 (below) to describe the
increase in flow stress Aco; dependent on the loop density N and their average

diameter d and “some dimensionless constant” k.

Aoy, = %N“d&l‘l (2.6)

A re-evaluation of the data provided by Hampshire and Hardie [13] in the form of
plotting the increase in flow stress dependent on the loop distance — which shows a
distinct division in two regions— is shown. Region I, with a low density of obstacles,
is attributed to an Orowan type process, where gliding dislocations have to overcome
the loops as obstacles. In region II, with a high density of loops, the dislocations

have to directly overcome the high internal stress field by externally applied stress.

L L L
7 -6 5 |n Nd?
L 1

17 13 9 6 -1/2,1 4
N d

Figure 2.2: The effect of prismatic dislocation loops on strength according to Kirch-
ner [14]
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Chapter 3

Materials and Their Preparation

3.1 Investigated Materials

3.1.1 Magnesium

Pure Magnesium is a lightweight metal with a hexagonal structure. An overview
about its basic physical properties is given in table 3.1.

For this work, Magnesium of two different types of purity was used:

] Parameter l Value l Source l
Atomic Number 12
Density (20°c) 1738 kgm™ 1]
Melting Temperature 650°C 1]
%atti)ce Parameter | a=0,32092 nm ; ¢/a= 1,624 [1]
20°C
Elastic Modulus £ 45 GPa 1]
(polycrystalline)
Shear Modulus G 17,3 GPa [22]
(polycrystalline)
Yield Strength YS 21-150 MPa 1]
(depending on casting)
Burgers vector 0,321 nm [22]

Table 3.1: Properties of Magnesium

e Commercially pure or 99.95% pure Magnesium (henceforth referred to as CP-
Magnesium or, abbreviated, CP-Mg ), ordered from AlfaAesar as slugs with
a diameter of 6,35 mm (0,25 in) and a length of 12,7 mm (0,50 in).

e 99.9999 % pure Magnesium [24] (henceforth referred to as XHP-Magnesium
or, abbreviated, XHP-Myg), kindly provided by Prof. P. Uggowitzer, Metal
Physics and Technology, ETH-Hoenggerberg as a rod with a diameter of 6

min.
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3.1.2 The Magnesium—Zinc System

Zinc is an important commonly used alloying metal with magnesium, although it is
rarely added as major alloying element [1]. It is soluble in Magnesium with 6,2wt%
solubility at the first eutectic point in the phase diagram shown in figure 3.1. It
also has been proposed that the binding of a Zinc impurity with a vacancy in Mag-
nesium is energetically favorable, with a computed vacancy-binding energy of 0.05
eV for the next-neighbors [25]. For concentrations up to 5wt% Zinc also accelerates
corrosion rate mildly up to ~ 8mm/y ([1] [26]).

For this work, XHP-Magnesium alloyed with 0.3wt% Zinc (henceforth referred to as
Magnesium-Zinc or, abbreviated, Mg—Zn) was kindly provided by the Health&Environment
Department of the AIT Austrian Institute of Technology GmbH, Biomedical Sys-
tems. For an addition of 0.3wt% (corresponding to a mole fraction of ~ 0,0011)

Zinc, no formation of intermetallic phases is expected.

1100 : : , ,
1000 Liquid
L Bal K
2 800 o _
: K .91
£ 700 686.5 K | wax oy
A 6192K| | Ii—\"f
g 600 Lf ] 642K
B Mg, Zny, MgZn, Zn-hep
500 [M-hep ) |
I Znyy Mgy ,f Zny, Mg,
00l Mg-hep + Znyy Mg, oaMe hep + Zn, Mg,
MgFm, + £, Mg,
300 - : :
0 0.2 0.4 0.6 0.8 i

Mole fraction {Zn)

Figure 3.1: Phase Diagram of Mg-Zn System [27] [28]

3.1.3 The Magnesium—Zinc—Calcium System

Magnesium is typically alloyed with Calcium in the range of 0.01 to 3wt% to improve
creep resistance [1]. For concentrations up to b5wt% it also accelerates corrosion rate
moderately up to ~ 15mm/y ([1] [26]). The phase diagram in figure 3.2 gives an
overview about the solubility and intermetallic phases formed by Magnesium and
Calcium. The binding of a Calcium impurity with a vacancy in Magnesium is

energetically favorable and computed to be 0.06 eV for the next-neighbors [25].
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Figure 3.2: Phase Diagram of Mg-Ca System [27] [30]

Figure 3.3 shows the phase diagram of the Zinc-Calcium system. It displays eight
intermediate compounds, with pronounced maxima in the liquidus line at Zinc-rich

concentrations [29)].
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Figure 3.3: Phase Diagram of Zn-Ca System [29]

Magnesium—Zinc—Calcium alloys are relevant in the field of biodegradable metals
because of the biocompatibility of each component. The alloying elements can also
have an influence on corrosion and mechanical behavior:

Ternary Magnesium—Zinc—Calcium alloys with a high Zinc content are prone to form
the intermatellic phase M gsZn3Cay, which acts as a cathodic site in the Magnesium

matrix. In contrast, such alloys with a low Zinc content a more prone to form the
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intermatellic phase (Mg, Zn)sCa, which is less noble than the Magnesium matrix
and can ac as anodic site [31]. Investigations of the influence these phases have
on the mechanical behavior show that MgsZn3Casy leads to strengthening of the
material, while M g,Ca appears to have no such effect [32].

For this work, XHP-Magnesium alloyed with 0.2wt% Zinc and 0.5wt% Calcium
(henceforth referred to as Magnesium—Zinc—Calcium or, abbreviated, Mg-Zn—Ca)
was used, kindly provided by LKR Leichtmetallkompetenzzentrum Ranshofen GmbH

as an extruded rod with a diameter of 6 mm.

3.2 Methods of specimen preparation

3.2.1 Cutting of the Samples

All samples were brought into the appropriate shapes with a spark erosion machine.
For the quenching procedure and HPT—processing (see the following sections) the
material was either cut — if received as slug of an appropriate diameter —in 0, 75mm
thick disks, or first cut in slices and then punched into smaller disks with a diameter

of approximately 6mm.

3.2.2 Quenching

Before quenching every specimen was ground with Silicon-Carbide SiC; abrasive
paper to remove dirt and achieve a smooth surface and thus hinder oxidation dur-
ing heating. Afterward, the specimens were cleaned first with water and then iso-
propanol and held in place with Nickel wire on a sample holder constructed from
steel foil and affixed to a long, thin Nickel rod. In each experiment two specimens
were quenched simultaneously.

The set—up to quench samples (see figure 3.4) consisted of a long glass tube, which
at one end was connected to a bottle of Argon, while the other end could be dipped
in water. Around the middle a heating coil controlled with a Eurotherm 2416 PID
Controller was positioned.

The sample holder was then inserted in the quenching set—up at a position in
between the heating coil and the water and the current trough the heating coil as
well as the Argon flow was turned on. The tip of the glass tube was dipped into a
bowl filled with room—temperature water and the tube was continuously flushed with
Argon for at least 20 minutes to create an oxygen-free atmosphere. After this period
the samples were pushed into the heated parts of the glass tube and annealed at
550°C (while constantly flushing the tube with Argon). The samples were quenched
after for one hour by manually pulling the sample holder into the water and then

aged for 10 minutes at a given temperature in a silicon oil-bath and again quenched
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Figure 3.4: Quenching

in iced water.
Finally the samples ere glued to a polishing mushroom with UHU ALLESKLEBER
SUPER Strong & Safe and ground and polished (see 3.2.5).

3.2.3 High—Pressure Torsion Deformation

High-pressure torsion (HPT) is a “top-down” procedure to obtain bulk ultrafine-
grained (UFG) materials via severe plastic deformation (SPD) [33]. SPD may be
defined “as any method of metal forming under extensive hydrostatic pressure that
may be used to impart a very high strain to a bulk solid without the introduction
of any significant change in the overall dimensions of the sample and having the
ability to produce exceptional grain refinement ”[33]. These conditions are met in
HPT-processing (see figure 3.5) by putting a disk-shaped sample between two anvils

where it is subjected to a pressure in range of several Gigapascals as well a torsional

strain ([33],[34]).
‘ Load

e ———
Upper
Anvil

—= 1 <= Specimen

Lower
Anvil

<:> Torsion

Figure 3.5: lustration of the principle of HPT

The shear strain v imposed after N rotations of processing on a sample with

Radius r and height h can be calculated from integrating small rotations df, with
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0 = 27N to be:

2nNr
— 1

To compare HPT with other SPD processes it is useful to calculate a equivalent

strain €

€= (3.2)

where the variable a can be chosen according to a criterion of plastic flow (a=2 for
Tresca and v/3 for von Mises) or from the Taylor theory of polycrystals [34].

For this work, XHP Magnesium and 99.95% pure Magnesium were subjugated to
HPT-processing under the conditions specified in table 3.2.

Material | Pressure | Rotations | Rotations/min
99.95% Mg | 4GPa 2 0.2
99.95% Mg | 4GPa 0.125 0.2

XHP Mg 4GPa 2 0.2

Table 3.2: Parameters of HPT—processing

3.2.4 Heat treatment

Heat treatment was performed after HPT—processing and quenching in a silicon oil
suitable for high temperatures in a temperature range between 55°C and 190°C.
Every sample was heat treated for 10 minutes at the specified temperature and af-
terward quenched in ice water. The quenched samples which were quenched together

from 550°C were also simultaneously aged and quenched in iced water.

3.2.5 Grinding and polishing

Every characterization-method mentioned in chapter 4 requires the specimen to have
a smooth, scratch—free surface. Therefore, grinding and polishing are the first -and
crucial- steps in specimen preparation.

At first the specimens were ground with two types of abrasive paper made out of
SiCy, that was affixed to a grinding wheel. The abrasive paper used first had a
SiCy grain size of 155um, and the grains of the abrasive paper subsequently used
had a size of 5um. During this process the orientation of the specimen was changed
multiple times in order to avoid the emerging of a artificial structure. Water was
used as anti-blocking agent. After that, the samples were polished with Al,Os—paste
with grain sizes 1um and 0, 3um on a polishing cloth suitable for soft materials and

finally cleansed with isopropanol.
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Ton milling

Investigation of samples in a Transmission Electron Microscope (TEM) requires their
thickness to be in the range of ~ 200 nm [35]. In order to achieve this thickness,
the samples were mechanically ground and polished to ~ 100 — —150um and sub-
sequently ion—milled to electron transparency. When ion milling a specimen, Ar+
ions are fired on it with an energy in the range between 200 eV to 5keV from an
angle between 5° and 15° to sample stage surface [35].

For this work, the specimens were thinned and polished with a Gatan PIPS II at
the Scientific Center for Optical and Electron Microscopy, ETH Zurich Campus Ho-
enggerberyg.

A multi-step procedure was carried out in liquid Nitrogen atmosphere, at first thin-
ning the specimen with with acceleration voltages of 4-5 kV and then polishing them

with lower acceleration voltages. The exact parameters are given in table 3.3 below.

Material | Step 1: 5keV | Step 2: 4keV | Step 3: 1keV | Step 4: 500eV
CP-Mg 3 hours 2 hours 30 min. 30 min.
Mg-Zn-Ca 5 hours 6 hours 30 min. 30 min.

Table 3.3: Parameters for ion-milling of Magnesium
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Chapter 4

Methods of Specimen

Characterization

4.1 Microhardness

The main method of characterizing the specimens was measuring the Vickers hard-
ness, a method of static, direct hardness testing [17].

Hardness is defined as the quotient of test force and penetration area determined
after the removal of the test force ([17]). The Vickers hardness test, first established
in 1922 at the company of the same name ([36],[37]), is specified in ISO 65071
(which is followed in this work) and ASTM E 384, respectively.

The indenter used for determining the Vickers hardness has the shape of a pyramid
with an opening angle of 136° and is made out of diamond. It is recommended to
perform the microhardness test with test forces between 0,09807N and 0,9807 N,
which typically are applied for 10s to 15s 1.

al Indenter (diamond pyramid} bl Vickers identation
Figure 4.1: principle of the Vickers hardness test [38]

Figure 4.1 shows the the principle and measurement of the Vickers hardness test

ITest forces may also be applied longer; this must be mentioned specifically
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and 4.2 explains the symbols used in calculating the hardness. The results of such
a test are denoted by the symbol HV preceded by the hardness value N followed by
the test force F' (in kilopond) in the form NHV F. To ensure direct comparability of
the obtained values, the parameters of the test should be kept the same for every
specimen. For the parameters chosen for this work, see chapter 4.1.3.

a Angle between the opposite faces at the vertex of the pyramidal indenter
(136°)

Test force, in newtons

Arithmetic mean, in millimeters, of the two diagonals length d, and d,

Test force
Surface area of indentation

HV Vickers hardness = Constant x

. 136°
2F smT F

= 0,102 = 0,1891 —
d2

d2

Figure 4.2: Symbols and designations of the Vickers hardness test [38]

A consequence of the definition of hardness is that the quality of the indents is
tantamount to the quality (and significance) of the results. Three factors determine

the success of the hardness measurement :

1. The shape of the indents
...should look like a square on polycrystalline materials. All four, or at least
both corners on opposite sites, should have the same height in order to calcu-

late the correct force per area ratio from the diameters.

2. The position of the indents
The indents should be spread on the specimen in order to get information
about the uniformity of the specimen. Nonetheless, more than two indents

should be placed in immediate neighborhood to level out statistical mistakes.

3. The number of indents
Enough indents to calculate statistical parameters should be set, furthermore,
the stronger the “natural” fluctuations of the hardness of the specimen are,

the more indents should be set.

All of the above mentioned factors are strongly influenced by the surface of the
specimen, which should be even and scratch—free to achieve optimal results.
Because of their importance for this work, two extreme cases of specimen—microstructure

are now considered.
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4.1.1 Coarse—Grained Specimens

If the grain size is large enough for the indents to be smaller than the grains a “sin-
gle grain” hardness is measured, which poses a problem especially for hexagonally
structured materials, which are highly anisotropic with respect to their mechanical
properties ([20], [39]). Therefore, a large number of indents should be set across the

investigated specimen as shown in figure 4.3.

Figure 4.3: Schematic layout of hardness indents in quenched specimens

4.1.2 HPT-Processed Specimens

HPT-processed specimens typically show fine grains [34], smaller than the indent
size used in microhardness, but the deformation of the HPT-processed specimen
depends on the radius (see equation 3.1). Hence, it is important to always measure
at the same radius to ensure the comparability of the results. In this work, as a
radius 2 mm from the center was chosen and five indents in the configuration shown

in Figure 4.4 were placed at a total of 2 to 4 different places on the specimen.

DX(

Figure 4.4: Schematic layout of hardness indents on HPT—processed specimens (left)
and arrangement of hardness indents (right)

4.1.3 Parameters

The Vickers hardness of all specimens was tested with an Anton Paar MHT-4 Mi-
cro Indentation Tester, mounted on a Zeiss Awxioplan miroscope. The indents were
evaluated from photos taken with a Zeiss AzioCam MRc5 5-MP Camera with the

Zeiss AxioVision 4.8 software in two magnifications, 50x (using a Epiplan-Neofluar
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50x/0.75 HD DIC and 100x, using a Epiplan 100x/0.75 objective.
The force used test was chosen according to the ISO 6507 specifications for micro-

hardness.

Test Force | Time | Gradient
0.2 N 10s | 0.01 N/s

Table 4.1: Parameters of the Vickers hardness test

4.1.4 Evaluation of the Results

Single Specimens

For each tested specimen the mean Vickers hardness value of all n indents, HV', the
standard deviation sgy and the mean average error ugy was calculated. Tables of

all results can be found in chapter 5.1.

HV =) %HVi (4.1a)
sy = || = S (HV ~ HV)’ (4.1b)
SHY (4.1¢)

Uy = \/ﬁ

Furthermore, a Shapiro-Wilk test of normality — which is well-suited for sample
sizes < 50 [40] — was performed with Wolfram Mathematica 10.1 to make sure
the samples used for statistical tests are Gaussian distributed. The significance level
was set to be a = 0, 05.

Additionally, for each specimen histograms were created with Wolfram Mathematica
10.1, one with automatically chosen bin widths, which “plots a histogram with equal
bin widths chosen to approximate an assumed underlying smooth distribution of the
values” [41] and others with manually set bin widths varying from the automatically

set one up to 20.

Multiple Specimens

For k specimens prepared in the same way the weighted mean — referred to as HV—
and the weighted standard deviation — referred to as Agy — was calculated with

weighting coefficients g; that are indirectly proportional to the mean average error
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Agy = i—1) Sy (4.2b)
g; = (quv,)2 (4.2¢)

They will be diagrammed in chapter 5.1 in dependence on aging temperature for

each material.

T—Test The independent-—sample t-test is a two-sample test, which tests if the
(unknown) true means py and ps of a metric, normally distributed characteristic
drawn from two disjoint statistical populations match for a predetermined signifi-
cance level a.[42] Or, expressed in a less mathematical way: are the investigated
series of measurement (by chance) drawn from the same statistical population or
are there systematic differences in addition to the random sampling uncertainties?
[43]

The t—Test compares the mean values and standard deviations via the parameter
t, which measures how far apart two means = and ¥ lie, weighted with the mean
error of the difference d = T — 7 , s2.This parameter is determined by the number of
measurements n (corresponding to T) and m (corresponding to 7) and the individual

standard deviations s and s.

L /| nm T-—7y (4.3)
n—+m Sq

(n—1)s2 + (m —1)s’
n+m-—2

The parameter n +m — 2 = v is called “degrees of freedom”.

s5 = (4.4)

Note that ¢ can have a positive as well as negative value, but that the sign is of no
consequence for the result of the t—test, as it is not important if T is greater than 7
or vice versa.

The starting hypothesis of the test parameter is that the two means are drawn from
the same population, for which case the predictand d is zero and the test is fulfilled
[43].

The in equation 4.1.4 introduced ¢ is derived from the parameter t (equation4.1.4 be-
low), which — per definition — follows Student’s t—distribution, by setting z =7 — 3y
and s, = s(T — 7). The probability density function of Student’s t—distribution
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¢(t,v) is given in equation 4.1.4, where v are the above mentioned degrees of free-

dom and I'" is the gamma function.

Z—Z
t =

(4.5)

Sz

- (v +1))/2
V) = 20+ &) (4.6)

For v — oo the t—distribution will follow a Gaussian distribution. The cumulative

distribution function T'(t,v) is the probability to find t-values that lie outside a

confidence interval + ¢ in absence of systematical errors [43].
—t +t
T(t,v) = / pdt’ + od¥ (4.7)
—00 +oo

The values of T'(t,v) and/or the corresponding quantity p = 1 — —T" for different
t and v have to be looked up in tables or can be obtained by using a statistic’s
program and are then compared to a predetermined confidence level a;, which often
is set to be 5% or 1% ?

To report the results of a t—test, the American Psychological Association (APA)
recommends to provide the parameters ¢t and p, presenting them in the following
style: “There was a significant/not significant difference for condition 1 (z =
s; = )and condition 2 (y= ,s,= );t(v)= ,p= .
To assess if there is a statistically significant difference between the results of differ-
ent specimen treatments, an independent—samples t-test was performed with IBM

SPSS Statistics Version 23 with a confidence level set to be 5%. The mean Vickers
hardness of £ specimens treated the same way as calculated by SPSS to perform an
independent samples t-test is referred to as HV"™ and the corresponding standard

. m
deviation as s%y .

HV™ =) %H_vj (4.8a)
J
1 oo 2
s = RS Z (HV; — HV™) (4.8D)

2note that, for a Guassian distribution, 95% of all measurements deviate 1,96 ¢ at maximum
and 99% of all measurements deviate 2,576 ¢ at maximum from the mean.
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4.2 Electron Microscopy

4.2.1 Transmission Electron Microscopy

The principle of a Transmission Electron Microscope (TEM) is the same as the
principle of a light microscope, with the obvious "replacement” of light waves by
electron waves in order to achieve a higher resolution. If one considers the resolution

according to Abbe’s theorem

A

nsino

d=0.61

(4.9)

where d denotes the minimal resolved distance resolvable in a medium with refrac-
tion index n generated by an objective with opening aperture 2« using a (light) wave
with wavelength A\. The wavelength of visible light approximately lies between 400
nm and 700 nm, whereas the wavelength \.; of electrons depends on their momentum

p (and therefore their kinetic energy Ej;,) according to deBroglie’s relation

h h h
E  V2mEwm  2meU

One can substitute for the mass of the electron m, Planck’s constant h and the

At = (4.10)

elementary charge e leading to an approximation for the electron wavelength only
dependent on the acceleration voltage U
1,23
Al = — (nm 4.11
Wi (nm) (4.11)
One can easily see that a resolution in the orders of 0,2 nm could — theoretically — be
reached. However, the electron beam requires not glass, but electromagnetic lenses,
which leads to aberrations that limit the resolution and quality of the pictures.
Bright field micrographs for this work were taken using a (S)TEM FEI Talos F200X
(Chem S/TEM) at ETH Zuerich—-Hoenggerberg in cooperation with R.Schaeublin.

4.2.2 Scanning Electron Microscopy

The Scanning Electron Microscope (SEM) is a versatile instrument to character-
ize various properties of different (conductive) materials. These properties include
information about the surface structure, elemental composition and texture of the
investigated specimen. In a SEM, a small-sized electron probe scans the surface of
the specimen thus allowing a point—wise collection of information gathered from the
electron probe—specimen interaction.

The resolution mainly depends on the kinetic energy of the electrons hitting the
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surface, the type and the geometry of the specimen as well as the atomic numbers
of the atoms present in the specimen. SEMs can achieve a resolution in the range

of nanometers [44].

Information gathering from the SEM

When highly energetic electrons hit the surface of a specimen, they interact with

the atoms in several ways, which leads to different effects:

Incident
High-k beam

Back scattered Secondary

electrons electrons i
Auger Characteristic

electrans Herays

Visible
light

specimen Bl rons Electron

Direct
beam

Figure 4.5: Overview of the information gathered from SEM

In the following an overview of the relevant processes is given ([46],[45]):

1. Secondary electrons
Collecting Secondary Electrons is the most common imaging method. They
are ejected from lower shells (usually the K shell) of the atoms by inelastic
scattering with the beam electrons (=primary particles).Since they are not
high in energy (= 5 eV) the depth of information is only ~ 10 nm and thus

they can only give information about the surface.

2. Backscattered electrons (BSE)
are reflected primary electrons and very high in energy (approximately the en-
ergy of the incoming beam). Images obtained through backscattered electrons

display atomic number contrast with brighter regions being generated from
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areas of higher atomic number. Grain contrast imaging is also possible with
BSE.

3. Electron backscatter diffraction (EBSD)
Kikuchi bands — the results of inelastic scattering of electrons — can give in-
formation about the orientation of crystals and are used in to get information
about grain sizes and texture. For this, the specimen is tilted by angles of
typically 60° to 70° in order to allow more electrons to be diffracted and to
escape towards the detector. Then, for each point of the specimen, a Kikuchi
pattern is recorded and the crystal orientation is calculated from the positions

of the Kikuchi band by computer processing of digitized diffraction pattern.

4. X-rays
Primary particles directly interact with shell electrons in way that an electron
gets enough energy to leave its shell (ionisation). The generated hole will
be immediately occupied from an electron of an outer-shell, thereby loosing
a characteristic quantum of energy. Detecting these via energy—dispersive
(EDX) or wavelength—dispersive (WDX) spectroscopy gives information about

the sort of atoms in the specimen.

Scanning Electron Microscopy was employed in this work to determine the grain
size and texture via EBSD and BSE with a Zeiss Supra 55 VP.
The grain area was determined using ImageJ 1.47V; assuming the area to be of

circular shape allowed the calculation of an average radius.

4.2.3 Scanning Transmission Electron Microscopy (STEM)

The basic principle of a STEM is to combine the advantages of Scanning- and
Transmission Electron Microscopy: A electron beam is focused to a small probe size
and is raster scanned in parallels across the surface of the investigated specimen
while transmitting it. Depending on the probe size of the beam and the thickness
of the specimen even atomic resolution can be achieved [17].

With using a High Angle Annular Dark Field (HAADF)-Detector spatially resolved
information about the elements in the investigated specimen can be obtained. A
fraction of the incident electrons is scattered by thermal vibrations of the atoms
in the (crystalline) specimen, where atoms with a high atomic number scatter the
electrons at larger angles than atoms with a small atomic number (“Z-Contrast”) and
collected at the back focal plane by the HAAADF-Detector, where heavier elements
contribute to brighter contrast. The observed angles are — with typically being ~ 70
mrad — large compared to the angles usually observed in electron microscopy.[17].

Energy-dispersive X-ray spectrometry can also be carried out in a STEM and follows
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the same principles as explained in chapter 4.2.2 (above). For this work, HAADF—
STEM and STEM-EDS images were taken with a FEI Talos F200X (Chem S/TEM)
equipped with a Super-X EDS system at ETH Zuerich—-Hoenggerberg in cooperation
with R.Schaeublin.
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Chapter 5

Results

In the first part of this chapter the results of the Vickers hardness (HV) measure-
ments will be reported. Every specimen was either quenched from 550° C and
subsequently aged for 10 minutes or HPT—processed and subsequently aged for 10
minutes.

The mean Vickers hardness HV0.02, the corresponding standard deviation sy and
the mean average error ugy was determined for each specimen afterward.
Furthermore, the mean Vickers hardness HV 0.02" and the corresponding standard
deviation s’} of all identically treated specimens will be reported when an indepen-
dent samples t-test was performed. The significance level of the independet samples
t-test is o = 5% 1.

The weighted mean Vickers hardness HV0.02 and the corresponding weighted
standard deviationAgy will be diagrammed in dependence on aging temperature.
For a detailed explanation of the mentioned quantities the reader is referred to
chapter 4.1.4.

5.1 Microhardness

5.1.1 Quenched Specimens

A characteristic of all quenched specimens are coarse grains (see 5.2.2 for more
information), therefore the procedure outlined in 4.1.1 was followed to determine
their Vickers hardness HV.

CP—-Magnesium

In total 44 specimens, of which 22 showed obvious traces of oxidation after quench-

ing, were prepared. The oxidized specimens were characterized nonetheless, but are

lie. that results are not considered statistically significant if p < «
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to be considered separately.
Table 5.1 shows the individual results of each quenched specimen without any visible
traces of oxidation and figure 5.1 shows the weighted means HV0.02 and weighted

standard deviations Agvy plotted against the temperature of the heat treatment.

Sample Name Aging HVO0.02 +4spv ugv
030915.99.95_550q_1 none 34,5 4,3 0,8
030915.99.95_550q-2 none 34,7 3,9 0,7
040915.99.95_550q_1 none 33,8 3,9 0,8
040915.99.95_550q-2 none 36,6 3,2 0,6
020915.99.95_550q_-90C_10_.1  10min at 90°C 37,6 2,3 0,4
020915.99.95_550¢_-90C_10_2  10min at 90°C 36,6 2,4 0,4
070915.99.95_550q_-90C_10_.1  10min at 90°C 35,5 3 0,5
070915.99.95_550¢_-90C_10_2  10min at 90°C 38,6 2,4 0,4
110915.99.95.550q 90C_10_1  10min at 90°C 37,2 3,1 0,5
110915.99.95.550q_90C_10_2  10min at 90°C 41,7 3,8 0,7
020915.99.95_550q-110C_10_1 10min at 110°C 35,7 3,8 0,7
020915.99.95_550q_-110C_10_2 10min at 110°C 36,2 3,2 0,6
080915.99.95_550q-110C_10_1 10min at 110°C 38,3 3,7 0,6
080915.99.95_550q_-110C_10_2 10min at 110°C 34,4 2,9 0,5
010915.99.95_550q-130C_10_1 10min at 130°C 35 2,6 0,5
010915.99.95_550q_130C_10_2 10min at 130°C 33,7 3,7 0,7
090915.99.95_550q-130C_10 10min at 130°C 35,0 3,2 0,6
280815.99.95_550q_150C_10_1 10min at 150°C 35,2 3,4 0,6
280815.99.95_550q-150C_10_2 10min at 150°C 34,8 2,4 0,4
090915.99.95_550q-150C_10_1 10min at 150°C 33,6 3,8 0,7
090915.99.95_550q-150C_10_2  10min at 150°C 35,5 3,4 0,6
270815.99.95_550q-170C_10_1 10min at 170°C 36,3 5,6 1,0
270815.99.95_550q_170C_10_2 10min at 170°C 33,9 3,4 0,6

Table 5.1: Individual results of the Vickers hardness test of non-oxidized quenched
CP-Mg specimens

It is discernible from figure 5.1 that the maximum increase in HV occurs when
the specimens are aged for 10 min. at 90° C.
To assess the increase in HV, an independent samples t-test was conducted compar-
ing the HV of solely quenched and additionally at 90°C aged specimens. There is a
significant difference in the HV0.02™ values for solely quenched (HV0.02™ = 34,9
st = 1,2 ) and quenched/at 90°C aged ( HV0.02™ = 37,9 s}},, = 2,1) specimens;
t(8) = 2,49, p = 0,038. A significant drop in HV occurs after aging for 10 min. at
130°C (HV0.02™ = 34,57 s}, = 0,75) compared to the maximum HV; t(7)=2,156,
p=0,04.
With reference to the weighted mean HV0.02 of the quenched specimens, the HV

increases by ~ 7 %.

Table 5.2 shows the individual results of the during quenching oxidized specimens
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Figure 5.1: Isochronal hardness curve as a function of temperature (aging time:
10min) for non—oxidized CP—-Mg quenched from 550°C; error bar indicate Agv

and figure 5.2 the weighted means HV0.02 and weighted standard deviations Agv
plotted against the aging temperature.

Sample Name Aging HV0.02 =+sgyv wugv
030614-99.95_550q none 48,6 4,3 1,1
030614_99.95_550q none 43,7 2,5 0,8
190814.99.95_550q none 45,00 3,8 0,7
220714.99.95_550q_1 none 38,4 29 0,8
220714.99.95_550q_2 none 50,9 6,4 1,6
240714.99.95 5502 none 42,3 47 11
190814.99.95_550¢_130C_10_1 10min at 130°C 494 9,3 1,0
190814.99.95.550q-130C_10-2  10min at 130°C 46,1 4,3 0,8
090714.99.95_550q_-150C_10_1 10min at 150°C 52,5 7,2 2,3
090714-99.95_550q-150C_10-2  10min at 150°C 54,6 8,7 2,8
100714.99.95_550q_150C_10_1 10min at 150°C 52,6 7,3 1,9
100714.99.95_550q-150C_10-2  10min at 150°C 43,0 6,2 1,6
110714.99.95_550q_150C_10_2a.  10min at 150°C 51,6 3,8 1,2
110714.99.95_550q-150C_10-2b  10min at 150°C 41,8 4,6 1,5
140814.99.95_550q_150C_10 10min at 150°C 41,2 9,2 1,1
190814.99.95_550q_150C_10 10min at 150°C 49,5 3,0 0,6
140814.99.95_550q_-170C_10 10min at 170°C 49,6 5,0 1,2
180614.99.95_550q_170C_10_1 10min at 170°C 46,7 3,6 0,9
180614.99.95_550q-170C_10-2 ~ 10min at 170°C 56,6 3,4 0,9
080714.99.95_550q_-170C_10_1 10min at 170°C 42.9 2,1 0,7
080714-99.95.550q-170C_102  10min at 170°C 56,5 4,3 1,4
220814.99.95_550q-190C_10 10min at 190°C 42,5 3,0 0,5
190814.99.95_550¢q-190C_10 10min at 190°C 48,4 3,4 0,7

Table 5.2: Individual results of the Vickers hardness test of oxidized quenched CP—
Mg specimen
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Figure 5.2: Isochronal hardness curve as a function of temperature (aging time:
10min) for oxidized CP-Mg quenched from 550°C; error bars indicate Agy

It can be gathered from figure 5.2 that the maximum HV occurs in the course
of aging the quenched specimens at 170° C for 10 min. and gives an increase of ~
12 % compared to the HV0.02 of solely quenched specimens. However, the mea-
surement error is large compared to the non—oxidized specimens and the conducted
independent—samples t-test to compare the HV of purely quenched (HV0.02™ =
44,8 s, = 4,5) and additionally for 10 min. at 170° aged (HV0.02™ = 50,5 s%},
= 6) specimens gave the result of t(9)=1,781, p=0,102. Usually, only tests with a
p—value of 0,05 or smaller are considered significant, however, in cases with small
populations values of p=0,10 may also be deemed significant. For the results of the
oxidized specimens the only independent samples t-test that could be considered
significant is the presented case, all others showed results with p—values larger than

0,102 and were therefore deemed not significant.

Magnesium—Zinc

In total 23 specimens were investigated, of which the individual Vivkers hardness
values are given in table 5.3.
Figure5.3 shows the weighted means HV0.02 and weighted standard deviation

Apgvy of the Vickers hardness values plotted against the aging temperature.
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Name Aging HVO0.02 spgy ugv
201114 _MgZn_550q none 41,1 2,3 0,4
211114 _MgZn_550q_1 none 40,7 3,2 0,5
211114 _MgZn_550q_2 none 38,5 3,2 0,7
201114_MgZn_550q_90C_10_1  10min at 90°C 38,4 2,9 0,5
201114 MgZn_550q-90C_10-2  10min at 90°C 41,1 5,4 0,9
010615_MgZn_550q_90C_10_.1  10min at 90°C 41,0 4,0 0,7
010615_-MgZn_550q-90C_10_2  10min at 90°C 39,6 2,6 0,5
241114_MgZn_550q_110C_10_.1 10min at 110°C 41 3,7 0,7
241114 _MgZn_550q_110C_10_2 10min at 110°C 42,1 4,5 0,8
191114 _MgZn_550q_130C_10_1 10min at 130°C 46,2 3,5 0,6
191114 _MgZn_550q_130C_10_2 10min at 130°C 44.3 3,5 0,6
011214 MgZn_550q-130C_10_-1 10min at 130°C 44.6 4,8 0,8
011214 MgZn_550q_130C_10_2 10min at 130°C 40,9 3,9 0,7
251114 MgZn_550q-150C_10_-1 10min at 150°C 40,8 4,3 0,7
251114 _MgZn _550q_150C_10_2 10min at 150°C 41,4 3 0,5
191114 _MgZn_550q-170C_10_1 10min at 170°C 42,3 2,9 0,5
191114 _MgZn_550q_170C_10_2 10min at 170°C 44.6 3,9 0,7
270515_MgZn_550q_170C_10_1 10min at 170°C 43,9 4,2 0,7
270515_MgZn_550q_170C_10_2 10min at 170°C 39,9 3,0 0,5

Table 5.3: Individual results of the Vickers hardness test of non-oxidized quenched
Mg-Zn specimens
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Figure 5.3: Isochronal hardness curve as a function of temperature (aging time:
10min) for Mg—7Zn quenched from 550°C; error bars indicate Agy

It can be recognized from figure 5.3 that the maximum increase in HV occurs in
the course of aging the quenched specimens for 10 min. at 130° C.
To assess the increase in HV, an independent samples t-test was conducted to com-
pare the Vickers hardness of solely quenched and additionally for 10 min. at 130° C

aged specimens. There is a significant difference in the HV0.02™ of solely quenched
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(HV0.02™ = 40,1 s, = 1,4) and quenched/at 130° C aged (HV0.02™ = 44,0 s},
= 2,2) specimens; t(5)=2,627 , p=0,049. This also holds true for the difference
between the maximum HV0.02™ and the for 10 min. at 90° C aged specimens
(HV0.02™= 40,0 s%,= 1,3; t(6) = 3,115, p = 0,021).

With reference to the HV0.02 of the quenched specimens the increase in HV is =
9 %.

Magnesium—Zinc—Calcium

In total 26 specimens were investigated of which the individual Vickers hardness
values are given in table 5.4. For calculating the weighted means HV0.02 and
weighted standard deviations Agy the specimens 290615-MgZnCab50q-130C-10-
1, 290615-MgZnCa-550q-130C-10-2 , 150915-MgZnCa-550q-150C-10-1 and 150915-
MgZnCa-550q-150C-10-2 had to be excluded, as they were ~ 15% thicker than the
other specimens, which led to a slower cooling rate during quenching. Figure 5.4
shows the weighted means HV0.02 of the other Vickers hardness values plotted

against the aging temperature.
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Figure 5.4: Isochronal hardness curve as a function of temperature (aging time:
10min) for Mg—Zn—Ca quenched from 550°C; error bars indicate Apy
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Name Aging HV0.02 spgy ugv

020615_-MgZnCa_550q_1 none 50,0 4.4 0,9
020615_MgZnCa_550q_2 none 50,5 4,2 0,9
090615_-MgZnCa_550q-1 none 49,0 3,6 0,7
090615_MgZnCa_550q_2 none 49,8 4.8 0,9
120615_-MgZnCa_550g-90C_10_1  10min at 90°C 49,6 3.4 0,6
120615_MgZnCa_550q_90C_10_2  10min at 90°C 47,2 3,4 0,6
300615_-MgZnCa_550q_90C_10_-1  10min at 90°C 50,0 5,1 1,0
300615_MgZnCa_550q_90C_10_2  10min at 90°C 48,4 2,7 0,5

100615-MgZnCa_550q-130C_10-1 10min at 130°C 54,0 4,3 0,8
100615_-MgZnCa_550q-130C_10_2 10min at 130°C 53,3 3,4 0,7
290615_-MgZnCa_550q-130C_10_1 10min at 130°C 47,3 3,7 0,7
290615_-MgZnCa_550q-130C_10-2  10min at 130°C 46,1 3,7 0,7
020715_MgZnCa_550q-130C_10_1 10min at 130°C 51,1 3,6 0,7
020715-MgZnCa_550q-130C_10-2  10min at 130°C 50,7 3,1 0,7
030715_MgZnCa_550q-130C_10_1 10min at 130°C 49,6 4,4 0,8
030715-MgZnCa_550q-130C_10-2  10min at 130°C 49,9 4,6 0,8
180615_-MgZnCa_550q-150C_10_1 10min at 150°C 53,6 4,0 0,7
180615_-MgZnCa_550q-150C_10_2  10min at 150°C 49,4 3,1 0,6
190615_-MgZnCa_550q-150C_10_1 10min at 150°C 52,9 3,2 0,6
190615_-MgZnCa_550q-150C_10_2  10min at 150°C 51,4 3,8 0,7
150915_MgZnCa_550q-150C_10_1 10min at 150°C 49,9 4,4 0,7
150915_-MgZnCa_550q-150C_10-2 10min at 150°C 50,6 4,4 0,8
110615-MgZnCa_550q-170C-10-1 10min at 170°C 48,9 3,2 0,6
110615_-MgZnCa_550q-170C_-10-2 10min at 170°C 47,8 5,0 0,9
220615-MgZnCa_550q-170C_10_1 10min at 170°C 47,7 3,1 0,6
220615_-MgZnCa_550q-170C_10_-2 10min at 170°C 50,7 3,6 0,6

Table 5.4: Individual results of the Vickers hardness test of non-oxidized quenched
Mg-Zn-Ca specimens

It is discernible from figure 5.3 that the maximum increase in HV occurs in the
course of aging the specimens for 10 min. at 130° C or 10 min. at 150° C.
A independent samples t-test, conducted to assess the difference in HV between the
solely quenched specimens (HV0.02™ = 49,83 s}, = 0,62) and the additionally at
130° C (HV0.02™ = 51,4 s%;,, = 1,8) or at 150° C (HV0.02™ = 51,8 s%,, = 1,6) aged
specimens, respectively, yielded ambiguous results that did not allow an assessment
of a significant maximum. However, if an independent samples t-test is conducted
to determine the significance of the difference in HV of the at 170° C aged specimens
and the at 130° C, with t(8) = 2,504 , p = 0,37, and 150° C aged specimens, with
t(6)=2,691 ,p=0,36, the results show that the maximum HV0.02™ is statistically
significant. With reference to the HV0.02 of the solely quenched specimens the

increase in HV is =~ 5 %.
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5.1.2 HPT-Processed Specimens
CP—-Magnesium

Two different deformation parameters were chosen for the CP-Mg specimens (see

table 3.2).

0.125 Rotations CP-Mg was HPT-processed by 0,125 rotations at a pressure
of 4 GPa and the Vickers hardness was determined as outlined in chapter 4.1.2,
corresponding to v &~ 3. In total 20 specimens were investigated of which the

individual Vickers hardness values are given in table 5.5.

Sample Name Aging HV0.02 Z+syyv ugv
101114.99.95 HPT37 none 39,4 4,2 0,9
101114.99.95_HPT38 none 42,7 2,7 0,6
111114.99.95_HPT39 none 43,2 4.5 1,0
111114.99.95_HPT40 none 42,6 2,4 0,5
020215.99.95_HPT68 none 39,9 3,6 0,8
020215.99.95_HPT69 none 38,4 5,3 1,2
210415.99.95_HPT71 none 44,2 3,9 0,9
210415.99.95_HPT72 none 45,4 2.9 0,7
121114.99.95_ HPT43_90C_10_1 10min at 90°C 41,3 3,4 0,6
121114.99.95 HPT44 90C_10.2  10min at 90°C 41,8 3.1 0,6
080115-99.95_HPT60.90C_10_1 10min at 90°C 36,3 2,7 0,6
080115.99.95_HPT61.90C_10_2 10min at 90°C 37,6 2,3 0,6
271114.99.95_ HPT45_110C_10_.1 10min at 110°C 41,4 3,5 0,6
271114.99.95_. HPT46_.110C_10_2 10min at 110°C 40,1 2 0,4
111114.99.95_ HPT41.130C_10_1 10min at 130°C 39,7 2 0,5
111114.99.95_ HPT42_.130C_10_2 10min at 130°C 39,6 3,9 0,9
281114.99.95_ HPT47_150C_10_1 10min at 150°C 41,1 3,4 0,8
281114.99.95_HPT48_150C_10_2 10min at 150°C 37,3 3,3 0,7
070115.99.95_ HPT58_150C_10_1 10min at 150°C 40,5 2,8 0,6
070115.99.95_ HPT59.150C_10_2 10min at 150°C 39,0 3,3 0,7

Table 5.5: Individual results of the Vickers hardness test of CP—Mg specimens HPT—
processed by v ~ 3

Figure5.6 shows the weighted means HV0.02 and weighted standard devia-
tions Agv plotted against the aging temperature. Of the eight investigated solely
HPT-processed specimens three failed the Shapiro-Wilk test for normality, which
made further investigations necessary. If the intervals are chosen sufficiently fine,
the histograms of all solely HPT—processed specimens show a bimodal distribution,
particularly strong developed in the specimens that failed the Shapiro-Wilk test. As
a representative example the histogram of specimen 101114-99.95-HPT38 is shown
in figure 5.5.

The values for the standard deviation for the specimens 101114-99.95-HPT38, 101114-
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99.95-HPT38 and 101114-99.95-HPT38 are therefore to be understood in a purely

mathematical way, as the standard deviation is only defined for normal distributions.
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Figure 5.5: Representative histogram of CP-Mg HPT-processed by v =~ 3
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Figure 5.6: Isochronal hardness curve as a function of temperature (aging time:
10min) for CP-Mg HPT-processed by 7 & 3; error bars indicate Ay

It is discernible from figure 5.6 that no increase in HV occurs in the course of
aging the specimens after HPT—processing with respect to the solely HPT—processed
specimens. While it may appear that there is at first a drop in HV from the HPT—
processed specimens in comparison to the after HPT—processing for 10 min. at
90°C aged specimens and a subsequent rise in HV if the at 90° C aged specimens are
compared to the at 110°C aged specimens, an independent samples t-test shows that
there is no statistically significant difference in HV0.02™between at 90°C (HV0.02™
= 39,3 s, = 2,7) and at 110° C (HV0.02™ s}},, = 0,92) aged specimens; t(3,916)
= 0,996 ,p = 0,377.

2 Rotations In total 35 specimens were investigated as outlined in chapter 4.1.2

after HPT—processing by 2 rotations at 4 GPa, corresponding to v ~ 50. of The

36



results of the Vickers hardness tests for each specimen are given in table 5.6.
Figureb.7 shows the weighted means HV0.02 and weighted standard deviations

Apv of the Vickers hardness values plotted against the aging temperature.
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Figure 5.7: Isochronal hardness curve as a function of temperature (aging time:
10min) for CP-Mg HPT-processed by 7 & 50; error bars indicate Agv

It is discernible from figure 5.7 that an increase in HV by &~ 17% occurs in the
course of aging specimens at 90°C. The independent samples t-test conducted to
compare the two conditions suggest that there is a significance difference in HV0.02™
for HPT—processed (HV0.02™ = 37,4 sgv = 2,6) and additionally at 90° aged
(HV0.02™ = 42,70 sgy = 0,29) specimens, t(7) = 3,953 ; p = 0,006.

Aging for 10 min. at 170° C seems to cause a drop in HV, a result supported
by the independent samples t—test conducted for HPT—processed and additionally
at 150°C aged (HV0.02™ = 41,9 sgy = 1) and HPT—processed/at 170°C aged
specimens (HV0.02™ = 40,53 sgv = 0, 38) specimens, t(3,776) = 2,439 ; p = 0,075.
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Sample Name Aging HV0.02 +4spgv ugv
010914.99.95_ HPT?2 none 37,3 0,9 0,2
061114.99.95_HPT36 none 36,6 0,5 0,1
091214.99.95_HPT52 none 36 0,9 0,2
091214.99.95_HPT53 none 35,2 0,9 0,2
190815.99.95_ HPT73_55C_10 10min at 55°C 40,1 2,1 0,5
190815.99.95_HPT76_55C_10 10min at 55°C 39,6 1,7 0,4
191214.99.95_HPT56_.90C_10 10min at 90°C 424 2,4 0,6
191214.99.95_HPT57_90C_10 10min at 90°C 43,0 2,6 0,4
090115.99.95_HPT62_90C_10 10min at 90°C 42,5 2,2 0,5
090115.99.95_HPT63_90C_10 10min at 90°C 42,9 2,2 0,5
230914.99.95_ HPT23_110C_10 10min at 110°C 42,7 2,7 0,7
230914.99.95_ HPT24_110C_10 10min at 110°C 42,5 1,8 0,5
171214.99.95_HPT54_110C_10 10min at 110°C 42,9 1,9 0,4
171214_99.95_ HPT55.110C_10 10min at 110°C 42,1 2,6 0,7
29.08.14.99.95_ HPT1_.130C_10  10min at 130°C 41,3 2.4 0,6
09.09.14.99.95_ HPT7.130C_10  10min at 130°C 43,4 2,5 0,6
160914.99.95_HPT17_.130C_10 10min at 130°C 42,9 2,5 0,7
160914_.99.95_HPT18_130C_10 10min at 130°C 41,6 1,8 0,5
090914_99.95_HPT6_150C_10 10min at 150°C 42,8 1,7 0,4
090914_99.95_HPTS8_150C_10 10min at 150°C 42,7 2,4 0,6
170914.99.95_HPT19_150C_10 10min at 150°C 40,7 2,3 0,6
170914.99.95_HPT20_.150C_10 10min at 150°C 41,3 1,8 0,5
10.09.14.99.95_ HPT9_170C_10  10min at 170°C 38,4 3,5 0,9
10.09.14.99.95_ HPT10.170C_10  10min at 170°C 37,3 2,5 0,7
120914_99.95_ HPT13_.170C_10 10min at 170°C 41,0 2,4 0,6
120914.99.95_ HPT14_170C_10 10min at 170°C 40,4 2,3 0,6
220115.99.95_ HPT66_170C_10 10min at 170°C 40,1 3,1 0,7
220115.99.95_HPT67_170C_10 10min at 170°C 40,6 2,5 0,6
100914.99.95_HPT11.190C_10 10min at 190°C 38,8 3,7 0,7
100914.99.95_HPT12_190C_10 10min at 190°C 40,2 4,0 0,7
150914.99.95_HPT15.190C_10 10min at 190°C 42,2 3,6 1,0
150914.99.95_HPT16_.190C_10 10min at 190°C 40,3 2,2 0,6
210115.99.95_HPT64_190C_10 10min at 190°C 39,5 2,5 0,6
210115.99.95_ HPT65_190C_10 10min at 190°C 39,7 2 0,5

Table 5.6: Individual results of the Vickers hardness test for CP-Mg HPT-—processed
by v ~ 50

XHP — Magnesium

In total 20 specimens were investigated following the procedure outlined in4.1.2 after
HPT-processing by 2 rotations at 4 GPa, corresponding to 7 ~ 50. The results of
the Vickers hardness tests for each specimen are given in table 5.7. Figure 5.8 shows
the weighted means HV0.02 and weighted standard deviations Agyv of the HV
values plotted against the aging temperature.

It is discernible from figure 5.8 that an increase in HV occurs in the course of

aging the HPT-processed specimens for 10 min. at 110°C . With reference to the
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Figure 5.8: Isochronal hardness curve as a function of temperature (aging time:
10min) for XHP-Mg HPT—processed by v = 50; error bars indicate Agy

Name Aging HV0.02 sgv ugv
070414 Mg HPT1 none 39,4 2 0,6
080414 Mg HPT2 none 37 1,9 0,6
070714_Mg_HPT25 none 37,5 1,8 0,6

090514 Mg HPT16_80C_10  10min at 80°C 38,4 1,9 0,6
180914 Mg HPT31.80C_10  10min at 80°C 36,8 2,1 06
180914 Mg HPT32.80C_10  10min at 80°C 37,1 26 0,7
290414 Mg HPT12.90C_10  10min at 90°C 42,6 49 1,1
070514 Mg HPT14.90C_10  10min at 90°C 38,3 23 05
210514 Mg HPT22.90C_10  10min at 90°C 36,6 1,6 04
210514 Mg HPT23.90C_10  10min at 90°C 37,5 2.8 06
280414 Mg HPT11.110C_10 10min at 110°C 38,9 25 06
180914 Mg HPT29_110C_10 10min at 110°C 39,1 33 09
260215_Mg HPT37.110C_10 10min at 110°C 38,9 25 06
260215 Mg HPT38.110C_10 10min at 110°C 38,6 2 04
230414 Mg HPT10.130C_10 10min at 130°C 38,7 29 06
290814 Mg HPT26_130C_10 10min at 130°C 36,9 2,0 05
230414 Mg HPT10_150C_10 10min at 150°C 36,0 30 09
180914 Mg HPT30.150C_10 10min at 150°C 38,7 40 1,0
270215 Mg HPT39_150C_10 10min at 150°C 37,6 29 06
270215 Mg HPT40_150C_10 10min at 150°C 39,3 28 0,7

Table 5.7: Individual results of the Vickers hardness test for XHP-Mg HPT-
processed by v ~

with the HV0.02 of solely HPT—processed specimens, the HV0.02 increases by
~ 2%.
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5.2 SEM-results

5.2.1 Untreated specimens
CP—-Magnesium

Figure 5.9 shows the orientation map and the corresponding inverse pole figure (IPF)
for a CP—Mg specimen as received, without any other treatment than necessary to
obtain EBSD pictures.

The specimen shows a nonuniform grain-radius of 0,91um=+ 1,8um and a not to

strongly developed texture in basal direction when observed in rod direction.

Figure 5.9: Orientation map of CP-Mg, as received from AlfaAesar

Magnesium—Zinc—Calcium

Figure 5.10 shows the orientation map and the corresponding IPF for an Mg-Zn-Ca
specimen as received, without any other treatment than necessary to obtain EBSD
pictures.

For the most part of figure 5.10 it was not possible to determine definite grains,
but the parts where it was possible, an average radius of 0,665um=+ 0,477um was
calculated. A medium developed texture in <01T0> direction was determined when

observed in rod direction.
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Figure 5.10: Orientation map of untreated Mg-Zn—Ca

5.2.2 Quenched Specimens
CP—-Magnesium

Figure 5.11 shows the orientation map and the corresponding IPF of the specimen
190814-99.95-550q, which was quenched from 550° C. The investigated specimen
showed slight traces of oxidation after quenching and therefore was not considered
as a valid data point in the series of measurement.

The grains in the specimen have a mean radius of 82um= 61pum and show a not to
strongly developed texture in the directions (0110) and (1210) when observed in

rod direction.

Figure 5.11: Orientation map of CP-Mg after quenching from 550°C

Magnesium—Zinc

Figure 5.12 shows the orientation map and the corresponding IPF for the specimen
201114-MgZn-550q after quenching from 550° C. The grains have a mean radius of
216pum=E 147um , show no preferred orientation and a high density of twins.
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Figure 5.12: Orientation map of the Mg-7n alloy after quenching from 550°C

Figure 5.13 shows the orientation map and the corresponding IPF for the spec-
imen 051214-MgZn-550cd-1 after cooling the specimen in Argon atmosphere from
550°C to room-temperature over the duration of four hours. A clear texture is not

discernible the density of twins is very high.

Figure 5.13: Orientation map of Mg-Zn after slowly cooling from 550°C

Magnesium—Zinc—Calcium

Figure 5.14 shows the orientation map and the corresponding IPF for the specimen
020615-MgZnCa-550q-1 after quenching 550° C. The grains have a mean radius of
70pum= 45um and shows no clearly discernible texture when observed normal to the

rod direction.
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Figure 5.14: Orientation map of the Mg-Zn-Ca alloy after quenching from 550°C

5.2.3 HPT-Processed Specimens
CP—-Magnesium

Figure 5.15 shows the orientation map and the corresponding IPF for the specimen
210415-99.95-HPT72 after HPT-processing at 4 GPa by 0,125 rotations. The grain-
radius was calculated to be 0,96um=£1, 31m and there is no texture apparent when

observed in rod-direction.

Figure 5.15: Orientation map of CP—Mg after HPT—processing by 0,125 rotations

Figure 5.16 shows the orientation map and the corresponding IPF for the spec-
imen 061114-99.95-HPT36 after HPT—processing at 4 GPa by 2 rotations. The
grain-radius was calculated to be 0,97um 4 0,80um and a strong texture in the

basal direction can be seen when observed in rod-direction.
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Figure 5.16: Orientation map of CP-Mg after HPT—processing by 2 rotations

Figure 5.17 shows the orientation map and the corresponding IPF for the speci-
men
171214-99.95-HPT54-110C-10 after HPT—processing at 4 GPa by 2 rotations and
subsequent 10 min. aging at 110° C. The grain-radius was calculated to be 1, 08 um4
0,94pm and a strong texture in the basal direction can be seen when observed in

rod-direction.

Figure 5.17: Orientation map of CP-Mg after HPT—processing by 2 rotations and
10 min. at 110°C
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Figure 5.18 shows one of a series of BSE-images of the specimen 210115-99.95-
HPT65-190C-10 after HPT-processing at 4 GPa by 2 rotations and subsequent 10
min. aging at 190° C. The average grain-radius was calculated from the whole series
to be 4,47 £ 2,85um .

Figure 5.18: BSE image of CP-Mg after HPT—processing by 2 rotations and 10 min.
at 190°C
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5.3 TEM and STEM results

5.3.1 Quenched specimens
Magnesium—Zinc—Calcium

The figures 5.19a and 5.20 show typical images obtained from the specimen 051015-
MgZnCa-550q-150C-10-1, which was previously annealed at 550° C for 60 minutes,
quenched and aged at 150° C for 10 minutes, in bright-field and HAADF-STEM

mode, respectively. The specimen shows three different types of microsturcture:

1. Regions without Defects: There are regions on the specimen where almost

no dislocations (5.19¢) and no precipitations(

2. Complex Dislocation Networks: These can often be found in the vicinity
of big Calcium-Oxide precipitations (lower right side of 5.19¢) and show a
complex structure of not only straight or bent dislocations, but also dislocation
loops (5.19d)

3. Regions with Large Precipitations: Areas whith large precipitations are
often observed in the specimen (5.20a to 5.20e . They are either Calcium-Oxide
or Silicon as can be seen in 5.20¢,5.20d and 5.20e, respectively. Often they are
surrounded by complex networks of dislocations (5.19b, but not necessarily so
(5.19a.
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Figure 5.19: Bright field images of the Mg-Zn—Ca after quenching from 550°C and
subsequent 10 min. aging at 150°
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(d) ()

Figure 5.20: Element distribution in from 550°C quenched and at 150° C aged
Mg-7Zn-Ca
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5.3.2 HPT processed specimens
CP—-Magnesium

HPT processed CP—Magnesium ) Figure 5.21 shows bright-field images of the
specimen (071015-99.95-HPT83, which was previously HPT processed at 4 GPa by 2
rotations. The grain structure is nonuniform and areas with large grains separated
by areas with smaller grains can be seen (5.21a). Inside the grains, many dislocations
in various forms such as straight and bent lines as well as loops, can be observed
(5.21b and (5.21c)).

Figure 5.21: Bright field images of CP-Mg after HPT-processing by 2 rotations

HPT-Processed and Aged CP-Magnesium Figure 5.21 shows bright-field
images of the specimen 151015-99.95-HPT94-90C-10, which was previously at 4
GPa HPT processed by 2 rotations and subsequently aged for 10 minutes at 90°
C. The grains visible are bigger and more regular than in specimen 071015-99.95-
HPT83 (see 5.3.2), but still show a high density of defects (5.22b). Especially a
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high density of dislocation loops of various sizes is visible (5.22c).

Figure 5.22: Bright field images of CP-Mg after HPT—processing by 2 rotations and
aging 10 min. at 90°C

Magnesium—Zinc—Calcium

HPT-Deformed MgZnCa Figures 5.23 and 5.24 show the results of TEM and
HAADF-STEM investigations of specimen 091015-MgZnCa-HPT1 (74HV0.02), re-
spectively. The structure is characterized by fine grains and a high concentration of
defects, which makes it difficult to identify single types of defects 5.23. Furthermore,
Calcium-rich precipitations could be detected via HAADF-STEM as can be seen in
figure 5.24, in which a total of 614 precipitations could be counted. They are of
mostly elliptical shape and show a preferred orientation to the left upper corner of

the image,but otherwise are randomly distributed.
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Figure 5.23: Bright field images of Mg—Zn—Ca after HPT-processing by 2 rotations

(b)

Figure 5.24: HAADF image and elemental distribution of Mg-Zn—Ca after HPT—
processing by 2 rotations

HPT-Processed and Aged Magnesium—Zinc—Calcium Figures 5.25 and 5.27
show bright-field and HAADF-STEM images of the specimen 141015-MgZnCa-
HPT11-150C-10 (104HV0.02), respectively. The grain structure is not as fine as in
the specimen 5.23 (compare 5.23 to 5.25a), but still shows a high density of defects.
Furthermore, precipitations and other impurities could be detected via HAADEF-
STEM. Figure 5.24b shows a typical area where many (1067) small Calcium-rich
precipitates can be observed. They are of either a round or elliptical shape and
show no preferred direction.

In Figures 5.27a to 5.27e the HAADF-STEM images of large impurities are depicted.
These consist of Calcium-Oxide (5.27c and 5.27d) or Silicon 5.27e.
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Figure 5.25: Bright field images of Mg-7Zn—Ca after HPT processing with 2 rotations
and aging for 10 min. at 150°C

Figure 5.26: HAADF image and elemental distribution of the Mg—Zn—Ca after HPT—
processing by 2 rotations and aging for 10 min. at 150°C
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Figure 5.27: HAADF image and elemental distribution of Mg-7Zn—-Ca after HPT—
processing by 2 rotations and aging 10 min. at 150°C
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Chapter 6

Discussion

6.1 Discussion

The results given in chapter 5 are discussed here individually for each material, a
comparison of the different materials will be given in chapter 7. Figures 6.1 and
6.2 provide an overview of the observed evolution of the Vickers hardness HV of

quenched/aged as well as HPT—processed /aged specimens.
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Figure 6.1: Comparison of the HV of quenched/aged specimens.
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Figure 6.2: Comparison of the HV of HPT—processed/aged specimens.

6.1.1 CP-Magnesium
Quenched CP-Magnesium

First of all, an inspection of the results (compare figure 5.1 to figure 5.2 ) of quenched
specimens suggests that there is an influence of oxidation. Indeed, if only sand-
blasted or ground with rough grinding paper, specimens always show visual traces
of oxidation.

The oxidized specimens show a initial HV level of HV0.02~ 45, and achieve their
maximum HV of HV0.02 ~ 50,5 in the course of aging at 170°C. The non—oxidized
specimens show a initial HV level of HV0.02 =~ 35, and achieve their maximum HV
of HV0.02 =~ 38 in the course of aging at 90°C. Comparing the results presented
in this work to results reported by Hampshire and Hardie [13] two observations are

apparent:

1. Hampshire and Hardie report that the maximum 0.1% flow stress is measured
after aging “at about 160°C” and “decreases for aging temperatures above
170°C” [13] while in the presented work the maximum HV is measured after
aging th quenched specimens at 90°C for non—oxidized specimens and at 170°C

for oxidized specimens (see 5.1.1).

2. In case of Hampshire and Hardie [13], the maximum increase in 0.1% flow
stress is &~ 60% after aging compared to the solely quenched specimens, while
in the present work the maximum increase in HV is &~ 12% for specimens that
oxidized during quenching, and ~ 6% for non—oxidized specimens after aging

compared to solely quenched specimens.
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To address these points, consider that the results reported by Hampshire and Hardie
[13] may be contaminated by Magnesium—Oxide (MgO) and the consequences of such
a contamination. The motivation for this consideration stems from figure 1.3: In this
figure, not only quenched-in dislocation loops, to which the authors [13] attribute
the hardening effect are shown, but also other complex dislocation structures, which
the authors attribute to a general “strain”. Hampshire and Hardie describe their

experimental procedure as follows:

“Magnesium of 99.95% purity was melted under flux and sprinkled with sulphur
during pouring to keep oxidation to a minimum. The cast material was extruded
at 360°C to 4,75 mm diameter rod and then cold-drawn to 4,32 mm wire.....Heat
treatment before quenching was accomplished in a sealed furnace which had a few
percent of sulphur dioxide added to its atmosphere to promote formation of a pro-

tective coating on the specimens and so combat more extensive oxidation.” [13]

While it can be argued that pure sulfur melts at 115°C and starts boiling at 445°C
[47], and therefore will not be present in the material during quenching from 575°C,
the reaction of Magnesium and Sulfur-dioxide at high temperatures (especially in

even slightly wet atmospheres) is known [48].
2Mg(s) + SOz(g9) — 2MgO(s) + S(s) (6.1)

Furthermore, the authors don’t deny the possibility that oxidation occurs, but do
not consider the effects it might have on the material.

If one assumes that a large MgO particle is formed before or during the heat treat-
ment before quenching, the effect a rapid cooling can have on the Mg matrix can be
calculated using the approach presented by Hull and Bacon [12].

The change in length Al of a material with the original length [y that experienced

the temperature change AT can be estimated to be

Al =lpa, AT (6.2b)

with a as the material specific linear expansion coefficient.
Consider the quenching AT of a (comparatively soft) matrix with a hole of radius
r" in which a stiff inclusion with a radius r’ sits. Heating the material and keeping

it at a constant temperature 7}, will lead to a relaxation of the matrix around the
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inclusion. Rapidly changing the temperature to Try will lead to a change in the

inclusion and hole radius according to equation 6.2:

rt =ro(1 — a;AT) (6.3a)
7”? = 7’0(1 — CkhAT) (63b)

The resulting misfit €, which causes a displacement wu, of the matrix, can be calcu-
lated to be
ri—rh g AT (o, — )

= = 6.4
¢ ’I"{l 7'0(1 — OéhAT) ( )

The displacement of the matrix w, is purely radial and results in a strain field of pure
shear, which is maximal at the interface of the inclusion and the matrix and on a
cylinder surrounding the inclusion with a diameter of v/2r; [12]. The corresponding

maximum shear stress is
Tmaz = 3 € Gr (6.5)

with GGj; as the shear modulus of the matrix. If 7,,,, is bigger than the Peierls stress
7, of Mg, dislocations can nucleate. Calculating the 7,,,, of an inclusion with the
parameters given in table 6.1, it can be shown that a MgO particle induces sufficient

stress if immediate cooling is assumed.

Parameter value source
G (Mg) 17,3 GPa [22]
a (Mg) 26-107 K1 1]

a (MgO)  11-13,.10°K 1 [49]
a (CaO) 15,2- 107K 1 [49]

AT 525 K
7, (basal) 0,52 MPa [50]
Tmaz (CaO) ~ 300 MPa 6.5
Tmaz (MgO) ~ 380 MPa 6.5

Table 6.1: Coeflicients of thermal expansion, A T, 7,,,, and 7,

MgO particles, together with the dislocations surrounding them, give a good ex-
planation for the higher initial HV of the oxidized CP-Mg specimens. They might
also provide an explanation for the — compared to the non—oxidized specimens —
higher aging temperature to achieve maximum HV:

The recovery and recrystallization of vacancies and vacancy type dislocations as well

as the quenched-in dislocations is hindered by the MgO particles.
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A similar effect is observed in the investigated the Mg-Zn—Ca specimen, where a

large Calcium—Oxide particle is surrounded by dislocations (see 5.19b).

HPT-processed CP-Magnesium

In case of HPT-processing treatment, three characteristics of figure 5.6 are to be

pointed out:

1. The initial HV of specimens being HPT—processed by v ~ 50 (“strongly de-
formed specimens”) is lower than the initial HV of specimens HPT—processed

by v ~ 3 (“weakly deformed specimens”).

2. The strongly deformed specimens show an increase in HV with aging, whereas

the weakly deformed specimens soften.

3. The aging temperature needed to achieve the maximum HV in the strongly
deformed specimens matches the aging temperature needed to achieve the

maximum HV in the quenched specimens.

Comparing the isochronal HV curve of strongly deformed CP-Mg (figure 5.7)

with the isochronal HV curve of quenched CP-Mg (figure 5.1) a significant drop in
HV can be recognized at ~ 130° C in the first case, whereas in the second case the
HV does not change significantly until aging at 170° C ! .
The fact that the strongly deformed specimens are softer than the weakly deformed
specimens might be caused by either dynamic/static recrystallization (work soften-
ing) or by a texture effect. The effect is not caused by a Hall-Petch effect, because
the grains in the weakly deformed specimens are larger (figure 5.15). XRD-profile
analysis 2 show a slightly lower dislocation density in the strongly deformed spec-
imens, which can not account for the decrease in HV observed. In the histogram
of a weakly deformed specimen (figure 5.5), two different peaks are visible, one at
~ HVO0.02 = 38 and one at ~ HV0.02 = 45 of which the first one obviously corre-
sponds to the recrystallized i.e. soft parts of the material and the second one to the
strongly deformed, but not yet recrystallized sample. The author therefore proposes
that dynamicstatic recrystallization in CP-Mg starts at shear stains smaller than
v~ 3.

Another noticeable effect is the increase in HV of the strongly deformed speci-
mens when aged. This increase in HV is not due to changes of grain size or dislo-

cation density, texture effects, twinning or precipitations: The grain size does not

Lcompare to the results of [13] who also observe a drop in flow stress after aging at temperatures

higher than 170° C
2in cooperation with E.Schafler
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change significantly after aging (compare to chapter 5.2.3), XRD-profile analysis 2
show a lower dislocation density in aged specimens and neither texture changes nor
precipitations could be identified (see chapter 5.2). The effect is strongest at 90° C
and statistically significant.

The explanation for this effect may be found in the bright-field TEM images 5.21
and 5.22. They show dislocation loops, in both cases in varying sizes, but generally
smaller ones in the first case and bigger ones in the second case. Both specimens were
prepared for TEM investigation in the same manner (see chapter 3.2.5), therefore
this effect is not caused by preparation. The obvious growth or even the formation of
new vacancy-type dislocation loops can only be due to the presence and migration of
vacancies, as prismatic loops cannot expand through conservative dislocation glide
[12]. A similar effect was observed in the work by Xiaoxu et al.[53] in accumula-
tively roll bonded (ARB) Aluminium of 99.2% purity which afterward was aged for
30 minutes at 150° C. The authors describe an increase by ~ 8,5% in yield strength
but also a loss of ductility after aging, and attribute this to the loss of dislocation
sources during aging. This leads to the activation of new dislocation sources during
re-straining which requires a marked increase of stress.

Comparing the results of [53] to the results at hand, it is unlikely that the observed

effect stems from similar dynamics, for the following reasons:

1. Different aging times: for the work at hand the specimens were aged for 10
minutes at 90° while in [53] the specimens were aged for 30 minutes at 150°

C, thus making annealing of dislocation more probable.

2. Different microstructures: The smallest distances between grain boundaries
reported by [53] are in the range of 180 nm before and 225 nm after aging,
while HPT—processed Mg of this work shows a wide grain size distribution

around 1 pum before and after aging at 90° C.

Especially the last point was investigated by Renk et al.[54], who found that grain
sizes below a material specific critical grain size, typically in the range of 300 nm,
are necessary for this effect to happen.

In the aging range of 90°C to 150°C a slight downward trend in HV may be assumed
from figure 5.7 while only in the course of aging at 170°C a significant drop in HV is
observed. Grain sizes were determined to be ~ 4,5 um for at 190°C aged Mg which
leads to the conclusion that recrystallization starts from temperatures larger than
150°C .

Finally, let us compare now the hardening effects in quenched/aged and HPT-
processed /aged specimens of CP—-Mg: It can be concluded that beyond a critical

processing strain, HPT—processed CP-Mg specimens show an increase by 9% to
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17% in HV in the course of aging during a temperature range from 55°C and 150°C.
The quenched and subsequently aged specimens show an increase by ~ 6% in HV,
and at a distinct temperature of 90°C, which falls into the temperature range of the
maximum occurring with the HPT—processed specimens. This finding clearly sup-
ports the hypothesis that the presence and coarsening of vacancy—type dislocation
loops is responsible for the observed hardening effects not only in quenched but also
in HPT-processed CP-Mg.

6.1.2 XHP—-Magnesium

The most noticeable feature in figure 5.8 is the — compared to CP-Mg — very pro-
nounced maximum. The maximum HV occurs in the course of aging of HPT—
processed specimens at 110° C, with a significant increase by ~ 2% . This effect
is not as large as in CP-Mg, which leads to the conclusion that even a very small
amount of impurities can change the properties of a material significantly. A signifi-
cant drop in HV in the course of aging HPT—processed specimens at 130° C can also
be observed, whereas in CP-Mg a marked decrease in HV occurs in the course of
aging HPT—processed specimens at 170° C. It is therefore very likely that recovery
and recrystallization in XHP-Mg happen at lower deformations than in CP-Mg,
as the defects annihilate easier because of the lack of impurities. All this might
contribute to the hardening effect and therefore further investigations are strongly

encouraged.

6.1.3 Magnesium—Zinc

Concerning quenched Mg—7n specimens, they show the largest increase in HV of all
investigated materials in the course of aging. The maximum HV — with a gain of
~ 9% compared to the solely quenched specimens — is measured after the aging of
the quenched specimens at 130° C. Aging at other temperatures does not lead to a
significant increase in HV (see figure 5.3).

The most striking feature in the Mg-7Zn specimens is the high density of twins.
These twins are found in approximately equal densities in quenched (figure 5.12) as
well as in slowly cooled (figure 5.12) specimens, which suggests that the twins are
formed during the grain growth which occurs during heating of the specimens.
Since the specimen are kept at 550°C for 60 minutes it is unlikely that more twins
form during the aging treatment after quenching, which suggests that the twins are
not the reason for the increase in HV at 130°C.

The specimens in question have not been specifically analyzed with respect to pre-
cipitations, since Zinc added in quantities less than 6,2wt% is soluble in Magnesium

[28]. Because neither large nor small non-coherent particles with a significant Zinc
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content have been found in the Mg—Zn—Ca specimens, this suggests that such par-
ticles are also not likely to be formed in Mg—Zn and therefore the mechanism of
precipitation—hardening seems to be unlikely to occur, too.

Compared to the quenched CP-Mg, Mg-Zn specimens show a larger increase in
HV (by ~ 9%), which also occurs at higher aging temperatures. This suggests
that the Zn atoms act as trapping sites for vacancies [25], not only leading to an
increase of vacancy concentration in the specimens but also restricting the mobil-
ity of quenched-in vacancies to form larger agglomerates or dislocation loops, thus

explaining the temperature shift of the maximum HV.

6.1.4 Magnesium—Zinc—Calcium

The marked feature of Mg-Zn—Ca are the large Calcium-Oxide (CaQO) particles,
which can be equally found in non-treated, HPT—processed and quenched specimens.
Also Silicon particles are present and always located close to the CaO particles. It
can be concluded that the CaO is formed during casting of the alloy, and that the
silicon particles got stuck on them during the grinding process, as the grinding paper
contains SiCy particles. These particles are considerably harder than Magnesium

and its metallic alloys, and typically have a diameter of ~ 2um.

Quenched Mg—Zn—Ca Quenched Mg-7Zn—Ca specimens show an increase in HV
by ~ 5% in the course of aging at 130° C and 150°C, respectively. Compared to
the results reported by Horky et.al. ([9][10]) (see figure 1.1), it can be seen that the
aging temperatures needed to achieve the maximum HV do coincide.

Since an increase in HV in the course of aging of the quenched specimens occurs at
130° C which is the same temperature as in Mg-Zn specimens, this suggests that
the same process of trapping vacancies by Zn is responsible for the HV increase in
Mg—7Zn—Ca in the course of aging at 130° C.

In order to explain the increase in HV in the course of aging of quenched Mg-7Zn-Ca
at 150° C, corresponding STEM investigations were undertaken (see chapter 5.3.1).
Figure 5.19b shows that large Calcium-Oxide inclusions in the specimen are sur-
rounded by complex dislocation networks,and also bowed dislocations can be seen.
This supports the hypothesis presented in 6.1.1: the dislocations originate from dif-
ferent thermal expansions of pure Magnesium and CaO, respectively (compare to
table 6.1). Furthermore, the CaO particles and dislocations surrounding them may

impede the recovery and recrystallization of vacancy—type dislocations, similarly as
the MgO particles do in CP-Mg.
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HPT-Processed Mg-Zn—Ca. To investigate the results of Horky et al. ([9][10])
more closely, two Mg—7Zn—Ca specimens, HPT—processed and aged at 150°C. The
increase in HV in the course of aging compared to the solely HPT—processed spec-
imen was ~ 37 %, which is in accordance with the values reported by Horky at.al
([9][10]).-

Furthermore, these specimens were investigated in a STEM (see chapter5.3.2). The
solely HPT—processed specimen shows a considerable amount of small Calcium-rich
precipitations, and the additionally aged specimen even more of them, as can be
seen in figures 5.24 and 5.27. The assumption that these may increase the hardness
of the material was therefore considered and evaluated using equation 2.5.

To calculate the volume fraction occupied by Mg-Ca phase, a region of equal spec-
imen thickness of ~ 200nm was selected. The thickness was determined with the
help of stereopairs for the two investigated specimens (see [51] for more informa-
tion).The area of each precipitation as well as the total area occupied by them in
both sections was evaluated using the “ImageJ 1.47V” program. Assuming the par-
ticles to be circular in shape, the radius was calculated for each particle from its

area, subsequently the mean radii 277 and pX° and related standard deviations

HPT 150
op' " and op”.

Equation 6.6 was used to obtain the volume fractions f#¥7 and f1%° occupied by

the precipitations from the known area fractions f{7 and f1%.

4MHPTfHPT
HPT P A
_ 4 6.6
purr = S (6.62)
4’u150 150
150 P JA
— P JA 6.6b
o0 = SHES (6.61)

From these, the contribution of the Orowan stress Ao, could be estimated fol-

lowing equation 2.5.

Gb/F. (D
AUy = 0, 5387[?7, (2—b)

Table 6.2 summarizes the results.

HPT HPT+150

HV0.02 (measured) 74 102
HV0.02 (measured) 726 MPa 1001 MPa
Volume fraction f of Ca-rich precipitates = 0,5% ~1,7%
Radius R of Calcium-rich precipitates 38 nm 58 nm
Orowan hardening AHV =3 - Ao, ~ 40 MPa =~ 52 MPa

Table 6.2: Comparison of the precipitations in solely HPT—processed and addition-
ally for 10 minutes at 150°C aged Mg—Zn—Ca
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Although this estimation is rough and based on only two recorded HAADF—
STEM images, the observed difference in HV before and after aging is far too large
compared to the calculated one. Therefore one concludes that that Mg—Ca rich
precipitations do not play an important role in hardening. Furthermore, the high
concentration of defects — aside from Ca-rich precipitations — found in both the
HPT-processed and additionally aged specimen should be emphasized (compare
the bright—field micrographs 5.23 and 5.25 with figures 5.24 and 5.27, respectively).
These defects impede the movement of dislocations, and thus Orowan-hardening
from the precipitations identified seems unlikely even from this point of view. This
result suits to the observations of Bamberger et al.[32] that M ¢g,Ca particles show

no significant hardening effect.
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Chapter 7

Summary and Conclusion

7.1 Summary

7.1.1 Quenching

CP-Mg, Mg—7n and Mg—Zn—Ca specimens were quenched from 550° C, subsequently

aged for 10 minutes, and the Vickers hardness HV was determined for each specimen.

1. Non—-oxidized CP—Mg specimens aged at 90° C after quenching showed an
increase by ~6% in HV compared to the HV of solely quenched specimens.

2. Mg—Zn specimens aged at 130° C after quenching showed an increase by
~ 9% in HV compared to the HV of solely quenched specimens.

3. Mg—Zn—Ca specimens aged at 130° C and 150° C showed an increase by
~ 5% in HV compared to the HV of solely quenched specimens

The — on average — smallest grains were found in Mg—Zn—Ca (=70 um) while Mg—Zn
(= 216 um) showed the largest grains and a very high density of twins. Only the
investigated CP-Mg specimen shows a distinct texture.

TEM investigations of a quenched and aged Mg—7Zn—Ca specimen showed micrometer—
sized CaQO particles surrounded by complex dislocation networks and occasionally
dislocation loops typical of quench hardening.

Mg-Zn showed — by ~ 9% — the largest increase in HV of all investigated materials
while Mg—Zn—Ca showed — by ~ 5% — the least increase in HV, although both mate-
rials showed their maximum HV in a comparable temperature range (130° C to 150°
C). Zn atoms may act as trapping sites for vacancies in both materials, thus shifting
the aging temperature from 90° C in CP-Mg to 130° C in Mg-Zn. The significantly
larger grains in Mg—Zn may enable a higher present density vacancies, whereas in

Mg-Zn—Ca the density of grain boundaries, which act as sinks for vacancies, is higher
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and therefore the density of vacancies is reduced. The HV of CP-Mg increases in
the course of aging at 90°C by only &~ 6%, because of the relative lack in impurities
for trapping the vacancies compared to the other materials. Still, the grains are —
with =83 um — comparable to the grains of Mg-7Zn—Ca, but smaller than the grains
of Mg—Zn, thus explaining the lower increase in HV because of enhanced vacancy

annihilation at the grain boundaries.

7.1.2 HPT—-Processing

CP-Mg specimens were HPT—processed by 0,125 and 2 rotations, respectively, and
XHP-Mg specimens by 2 rotations. Specimens of both materials were subsequently

aged for 10 minutes and the Vickers hardness HV was determined for each specimen.

1. CP—-Mg specimens HPT—processed by v ~ 3 showed a decrease in HV in the

course of aging.

2. CP—Mg specimens HPT—processed by 7 ~ 50 showed an increase in HV in
the course of aging between 90° C and 150° C with the largest increase by =
17% at 90° compared to the HV of the solely HPT-processed specimens.

3. XHP—Mg specimens showed an increase by ~ 2% in HV in the course of
aging at 110° C compared to the HV of solely HPT—processed specimens.

4. Mg—Zn—Ca specimens HPT—processed by v ~ 50 showed an =~ 37% increase
in HV after aging at 150° C compared to the solely HPT—processed specimens,
which is in good accordance with the results reported by Horky et al. ([9][10]).

The investigated CP-Mg specimens HPT-processed by 2 rotations showed a clear
texture, which does not change with aging. TEM investigations of selected CP—Mg
specimens show small dislocation loops in the solely HPT—processed specimen and
dislocation loops of various sizes in the HPT—processed and additionally at 90° C

aged specimen.

While in both materials, CP-Mg and Mg-Zn—Ca, the effect of hardening in the
course of the aging of HPT—processed specimens could be observed, they showed

the following differences:

e The absolute HV values of Mg-Zn—Ca specimens were always higher than
those of CP-Mg.

e The aging temperature to achieve the maximum HV was higher in Mg-7Zn-Ca

(130° C — 150° C) than in CP-Mg (90° C).
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e A higher increase in HV after aging was achieved in Mg—Zn—Ca (37%) com-
pared to CP-Mg (17%).

As in the case of the quenched materials, these differences reflect the influence of
alloying elements, which hinder recovery and recrystallization not only during defor-
mation but also during aging, thus leading to higher aging temperatures to launch
the migration of vacancies. The alloy atoms also act as effective trapping sites for
vacancies, which explains the higher increase in HV in Mg—Zn—Ca compared to CP—
Mg. STEM investigations of selected Mg—7Zn—Ca specimens show an increase in
Ca-rich precipitations after aging compared to the solely HPT—processed specimen,
which turned out, however, to account for only ~ 2% of the total aging-induced

difference in HV observed.

7.2 Conclusion

In CP-Mg being HPT-processed beyond a critical strain, an unusual hardening ef-
fect of 17% after aging at 90°C was found. The aging temperature for this effect
coincides exactly with the aging temperature to achieve the maximum HV after
quenching. This suggests the formation of multivacancies and vacancy-type disloca-
tion loops and their coarsening as the reason for the hardening. Multivacancies and
dislocation loops form effective obstacles for deformation carrying dislocations and
thus lead to the observed increases in HV. Compared to the quenched specimens,
HPT-processed specimens show a larger increase in HV after aging, which is likely to
arise from the higher concentration of vacancies produced by HP T—processing which
can reach vacancy concentrations being close to that at the melting point [16]and
much easier to be achieved than by quenching from those temperatures especially in
bulk specimens used in this work. Moreover, the annihilation of vacancies induced
by plastic deformation is hindered by the high hydrostatic pressure applied during
HPT-processing [16].

For Mg—7Zn—Ca, the aging temperatures (130° C — 150° C) needed to achieve the max-
imum HV-increase in quenched/aged as well as in HPT—processed/aged specimens
also coincide. This effect cannot be explained with the increase of Ca-rich precipi-
tations as none of them were observed in the quenched/aged specimens. Tough in
the HPT-processed/aged specimen, additional precipitations were identified, their
amount was far too small to quantitatively account for the hardening effect ob-
served. The influence of other hardening effects, such as grain—-boundary or work
hardening, decreases as the temperature increases and therefore a similar effect of

vacancy migration as observed in CP-Mg is proposed to explain the increase in HV.
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