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ABSTRACT

The substitution of heavier steel and aluminum components with lower density magnesium (Mg)
alloys has the potential to significantly reduce vehicle weight achieving fuel economy, reduced
greenhouse gasses (GHGs) and electrification of future cars. Approximately 30% of the vehicle
weight is in body parts (closures, panels, pillars) all of which can be potentially cast in Mg resulting
in 10-20% weight reduction. This translates into ~7-15% each of fuel economy and reduced
emissions in gasoline powered cars and ~15% range increase for electric vehicles.

This thesis aimed at ductility enhancement of the automotive Mg-6wt%Al (Mg-6Al) alloy
by refining its microstructure with trace rare earths additions (Y, Er) for use in the vehicle body
applications. Thermodynamic calculations (CALPHAD methods using FactSage software with
FTlite database) shed a light on the phase formation and solidification paths of the new alloy and
helped determine the mechanism of microstructural refinement. The microstructures were
analyzed with electron microscopy and atom probe tomography, effects on the crystal structure
were determined with X-Rays Diffraction. The mechanical performance was determined with
conventional mechanical testing (i.e., tensile, compression, hardness) and with more complicated
ultrasonic methods.

The first part of the study focused on the effect of trace Y additions which found that at
trace additions, the AsMgY precipitate co-nucleates with Mgi7Ali2 leading to its refinement by
47%. This refinement proved to be the key factor in improving tensile ductility. Refinement of the
Mg-Al-Mn-Fe precipitates and of a-Mg grain size was also observed at trace Y levels that was lost
athigh Y levels, leading to a decrease in mechanical properties. Y also modified the lattice constant

of the Mgi7Al12 in the Mg-6Al alloy.



The second stage of this research focused on the effect of Y on the intrinsic properties (i.e.,
the nature of the intermetallic such as but not limited to the elastic moduli, lattice constant, electron
to atom ratio, bonding) of Mgi7Al2. Y caused an increase in the elastic moduli and hardness and
altered the lattice constant which decreases for low Y additions and increases with higher additions
when the AlsMgY precipitate forms. It was suggested that Y substitutes both Mg and Al sites
showing a complex dependance on the electron-to-atom ratio (e/a). The intermetallic is off-
stoichiometric and its e/a suggests that its thermodynamic stabilization is not through Hume-
Rothery but through defect structure mechanisms. According to moduli that are determined in this
study and first principles calculations reported, the Mgi7Al> phase is a ductile phase. Since Y
lowers its ductility the role of Y in ductility enhancement is attributable to the morphological
refinement of Mgi7Al:2 rather than the change in its intrinsic properties.

The third part of the study applied the knowledge obtained with Y to trace Er additions to
Mg-6Al. Er (60-880 ppm) improved the mechanical properties by refining Mgi7Ali2 56%-44%.
Atom probe tomography showed that Er is soluble in Mgi7Al12 and XRD proves that the lattice
constant change. Non-equilibrium thermodynamic calculations indicate that 60 ppm Er, the ALEr
phase co-precipitates with Mgi7Al12 nucleating and refining Mgi7Al2 but this co-precipitation and
the refinement are lost at higher Er additions (880 ppm Er). The principles discovered in this study
can be used in design novel alloys with trace additions of rare earths to Mg-6Al for vehicle weight

reduction.
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RESUME

Le replacement des picces en acier et en aluminium par des alliages de magnésium (Mg) a faible
densité¢ a le potentiel de réduire significativement le poids des véhicules automobiles. Cette
alternative permet d’économiser du carburant, de réduire les émissions de gaz a effet de serre
(GES) ainsi que de promouvoir I’¢lectrification des futures automobiles. En effet, environ 30% du
poids du véhicule se trouve dans les picces de la carrosserie, ce qui permettrait de potentiellement
réduire le poids du véhicule de 10 a 20% en coulant ces pieces en Mg. Cette réduction se traduit
¢galement par une économie de carburant d’environ 7 a 15%, une réduction des émissions dans
les voitures a essence en plus de permettre une augmentation de l'autonomie des véhicules
¢lectriques d'environ 15%.

Cette thése de doctorat visait a améliorer la ductilité de l'alliage automobile Mg-6wt% Al
(Mg-6Al) en affinant sa microstructure avec 1’ajout de traces de terres rares (Y, Er). Les calculs
thermodynamiques (FactSage - FTlite) ont aidé a déterminer le mécanisme de raffinement
microstructural. Les microstructures ont été¢ analysées par microscopie €lectronique et par sonde
atomique tomographique, tandis que les effets sur la structure cristalline ont ét¢ déterminés par
diffraction des rayons X. Les propriétés mécaniques ont pour leur part été déterminées avec des
tests mécaniques conventionnels et avec des méthodes ultrasoniques plus compliquées.

La premicere section de cette étude s'est concentrée sur l'effet des ajouts de trace d’Y. Pour
de telles teneurs d’Y, le précipité AlaMgY co-nuclée avec le Mgi7Al 2, conduisant a un raffinement
de 47%. Ce raffinement s'est avéré étre le facteur clé dans I'amélioration de la ductilité en traction.
Un raffinement des précipités de Mg-Al-Mn-Fe et des grains a-Mg a également été observé a des
faibles traces d’Y, phénoméne qui est perdu a des niveaux d’Y élevés, conduisant a une
détérioration des propriétés mécaniques. L’Y a également modifi¢ la constante de structure
cristalline du Mgi7Al12 dans l'alliage Mg-6Al.
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La deuxieme étape de cette recherche s'est concentrée sur 'effet de 1’Y sur les propriétés
intrinséques du Mgi7Al2. LY a provoqué une augmentation des modules d'élasticité et de la
dureté et a modifi¢ la constante de structure cristalline du matériau, qui diminue pour les faibles
ajouts d’Y et augmente avec les ajouts plus ¢levés lors de la formation du précipité AlsMgY. Il a
été suggéré que 1I’Y substitue a la fois les sites du Mg et de I’Al, montrant une dépendance
complexe du ratio électron-atome (e/a). L'intermétallique est non stoechiométrique et son e/a
suggere que sa stabilisation thermodynamique ne se fait pas selon les regles d’Hume-Rothery mais
par des mécanismes de défauts de structure. Selon les modules qui sont déterminés dans cette étude
et les premiers principes des calculs rapportés, la phase Mg7Ali2 est une phase ductile. Puisque
I’Y diminue sa ductilité, le role de I'Y dans l'amélioration de la ductilité est attribuable au
raffinement morphologique de Mgi7Al12 plutdt qu'au changement de ses propriétés intrinséques.

La troisiéme section de I'é¢tude a appliqué les connaissances obtenues avec I’Y pour évaluer
les ajouts de traces d'Er a I’alliage Mg-6Al. L’Er (60-880 ppm) a amélioré les propriétés
mécaniques en raffinant 1’alliage Mgi7Ali2 56%-44%. Les analyses par sonde atomique
tomographique ont montré que 1I’Er est soluble dans Mgi7Ali2 et I’analyse XRD prouve que la
constante de structure cristalline est modifiée. Les calculs thermodynamiques hors équilibre
indiquent qu’a une teneur de 60 ppm d’Er, la phase Al>Er co-précipite avec Mgi7Ali2, promouvant
ainsi la nucléation et le raffinage du Mgi7Ali2. Cette coprécipitation et ce raffinement sont perdus
a des teneurs d’Er plus élevées. Les principes découverts dans cette étude peuvent étre utilisés dans
la conception de nouveaux alliages avec 1’ajout de traces de terres rares au Mg-6Al pour réduire

le poids des véhicules.
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CHAPTER 1

Introduction

1.1 Introduction
Within the last decades, the governments have been making efforts to reduce greenhouse gases
(e.g. CO2) which are responsible for the climate change. Automotive industry is one of the largest
sources of CO2 emissions globally. A typical passenger vehicle emits approximately 4.6 metric
tons of COz annually [1]. Reducing the weight of vehicles constitutes a viable solution to this
problem and it also can help to increase fuel economy [2]. Ten percent saving in vehicle’s weight
leads to 6-8% fuel economy improvement [3]. Considering that 1L of gasoline produces about 2.3
kg of COz and an average Canadian car burns 2000 L of gasoline annually (4600 kg of CO>) [4],
160L of fuel per year (368 kg of CO2) can be saved per 10% weight reduction. Lightweight
materials such as magnesium (Mg) alloys have the potential to reduce the weight of some vehicle’s
components by 75% and vehicle’s chassis by up to 50% increasing the fuel efficiency. Particularly,
this is important for electric vehicles which are equipped with advanced electronics, safety sensors
and navigation systems which increase the vehicle’s weight [3,5]. Twenty percent weight
reduction translates to 14% range increase (i.e., of electric vehicles) due to the lower energy
consumption [6]. However, the weight is not the only consideration as the car components should
meet the safety standards, adequate mechanical properties and being cost effective [3].

Mg alloys can be grouped as cast and wrought alloys which are largely based either on the

Mg-Al or on the Mg-rare earth (RE) systems. Mg-RE based alloys have been traditionally



developed for aerospace use [7]. Mg-Al based alloys are used in consumer products or automotive
applications as non-structural components such as covers, housings and brackets or as structural
components such as steering wheel armatures, instrument panel beams and seat structures [8,9].

There is a current interest in using Mg-Al casting alloys for structural car-body applications such
as front-end carrier, pillars and door panels. Such usage requires improved ductility and
crashworthiness which cannot be met by the current commercial Mg-Al-Mn (AM) alloys.
Crashworthiness is the ability of the material to absorb energy and to deform plastically before
fracture. When translated to material property requirements crashworthiness can be assessed
mainly by the tensile ductility, tensile toughness and impact resistance [10]. Since the automotive
industry is cost sensitive, replacing the Mg-Al alloys with the costly Mg-RE aerospace alloys is
not a viable option. However, trace additions of RE alloying elements to the Mg-Al alloys is
acceptable. The main question that is the driving force for this research is “Can we improve the
ductility and toughness of the AM60 casting alloy while maintaining its strength, corrosion,
castability and the cost range via alloy modification?” This requires a systematic study of the

parameters influencing the ductility of Mg in general and of the Mg-Al alloys specifically.

DOOR PANEL

Fig. 1.1 Example of vehicle's door panel using Mg-Al-Mn based alloy (AM50) [11].
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The factors that influence ductility range from crystal structure (lattice parameters, axial ratio),
elastic properties (shear modulus, G, bulk modulus, B, surface energy, I'sv) to microstructure
(grain size, second phases) and their effects on plastic deformation (slip, twinning, strain
hardening) [12—17].

1.2 Research objectives

The long-term objective of this research is to develop a cast Mg-6wt%Al based alloy (AM60) with
improved ductility without compromising the strength at room temperature. It is hypothesized that
the addition of trace (ppm level) rare earth elements such as Y and Er will modify the main second
phase i.e., B-Mgi7Al2, without forming new phases. A similar effect has been observed before in
Al-Si based alloys where ppm additions have successfully modified the eutectic silicon phase
improving dramatically the mechanical properties [18-20]. The main objectives can be

summarized as follow:

a. Investigate the effect of trace Y addition in the Mg-6wt%Al based alloy using mechanical
testing, microstructural investigation techniques and thermodynamic calculations to better
understand the mechanism of microstructure refinement

b. Study the modification of Mg;7Al:> intrinsic properties (i.e., the nature of the intermetallic
such as but not limited to the elastic moduli, lattice constant, electron to atom ratio,
bonding) after adding trace Y additions to elaborate the mechanism of its modification in
Mg-Al alloys.

c. Investigate the effect of other trace alloying additions (i.e., Er) on the modification of

Mgi7Al12 phase and a-Mg.



1.3 Thesis outline and chapters description
This is a manuscript-based PhD thesis which presents the research work on the development of
high ductility Mg-Al alloys through second phases modification. It comprises 8 chapters including
the current introduction (Chapter 1). Chapter 2 includes the literature review on the potential
mechanisms that can be employed to improve the ductility of Mg alloys with a summary of the
research progress up to date. Chapter 3 presents the positive effect of trace Y additions on the
mechanical properties of the binary Mg-6%Al through the refinement of B-Mgi7Al12 and its
underlying mechanism. Chapter 4 discusses the effect of higher Y addition on the mechanical
properties of Mg-6%Al alloy reinforcing the concept that trace Y addition is better in refining the
microstructure of these alloys. Chapter 5 focuses on the effect of Y on the intrinsic properties of
Mgi7Al2 intermetallic using different experimental and theoretical techniques. Chapter 6
evaluates the effect of trace Er addition on the modification of B phase and the result on the
mechanical properties of Mg-Al-Er alloys. The main conclusions and the future work are presented
in Chapter 7 and contributions to original knowledge are stated in Chapter 8.
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CHAPTER 2

Literature Review

2.1 Introduction
Fuel economy and greenhouse emission control can be achieved by reducing the vehicle’s weight.

Steel is the main material, which is widely used to manufacture cars, but its high density (7.9
g/cm?) cannot satisfy the strategy of weight reduction. Light metals with lower densities such as
magnesium (1.8 g/cm?), aluminum (2.7 g/cm?) and titanium (4.4 g/cm®) could be proper candidates
for weight reduction[1]. However, the price of titanium (~$ 4.2/Ib) [2] is 17 times higher than that
of steel (~$0.24/Ib)[3] rendering it a very expensive material for automotive manufacturers.
Aluminum is the predominant candidate during the automotive material selection to replace steel
with a lower cost (~$1/1b) [2] than titanium. Despite this, only the use of magnesium (Mg) can
further decrease the weight of a vehicle due to its lower density and higher specific strength [4]
even though it is more expensive ($2.35/1b)[2]. New promising technologies for magnesium
production could decrease its price to $0.64/b-$1.09/Ib helping to expand its application to
automotive industry [5]. However, the ductility and strength of magnesium alloys should be

enhanced before their widely use as structural components [6].
This literature review focuses on the fundamentals of the following points:
1. The inherent ductility of hexagonal close-packed metals in general and of Mg specifically.

2. Special considerations with respect to the ductility of cast Mg-Al alloys used in automotive

applications.



3. The factors that can influence and potentially improve the ductility and toughness of Mg-Al

alloys.

4. Research conducted to improve the ductility of Mg-Al alloys.

2.2 The inherent ductility of hexagonal close-packed metals and of magnesium

Ductility of engineering alloys is a function of microstructure and loading conditions as well as
the inherent ductility of the matrix crystals. While the microstructure can be modified by changing
the process parameters, the inherent ductility of single crystals only depends on the chemistry
(electronic structure). Pugh [7] introduced the quotient of elastic bulk modulus to shear modulus,
B/G, as a measure of the inherent malleability of a pure metal. High value of B/G indicates a
malleable metal contrary to a low B/G value which relates to brittleness. Malleability is associated
with ductility [8]. The B/G ratio for HCP metals was obtained from the values of elastic constants
at room temperatures [9]. Table 2.1 shows a good correlation between this ratio and the relative
ductility values. In another study by Rice and Thomson[10] it was shown that crystals with wide
dislocation cores and small Ga/I'sv values (< 7.5 to 10) are ductile; contrarily brittleness is
promoted when the dislocations’ cores are narrow and the Ga/I'sv value is large. Here I'sv is the
surface energy and a is the lattice constant. Easier plastic flow at the crack tip can occur when
dislocations have larger core width as they are more mobile. The generation of dislocations in the
vicinity of crack tips determines the ductile vs brittle behavior of metals [11]. A blunt crack
propagates slower and requires larger loads to induce dislocation emission [12]. According to the
Ga/T'sv criterion, Be is still the most brittle metal and Ti and Zr the most ductile. Mg has fair
ductility with a B/G of 2.03 and Ga/I'sv of 8.10 [9]. It is noted in Table 2.1 that the good ductility

in general is related to axial ratio c/a in the range of 1.571 to 1.599 (Hf, Ti, Zr, Tl) with some



exceptions (Sc, Ru, Os). It seems that both crystal structure (c/a), elastic constants and

microstructural factors govern ductility in hexagonal metals.

Table 2.1 Correlation between elastic properties and ductility* of HCP metals [9]
(reprinted/adapted by permission from [Springer Nature]: [ Springer] [Metallurgical Transactions,
Al by [M. H. Yoo] [1981]).

Metal c/a B/G Ductility Ga/T'sv
Cd 1.886 2.21 Fair 10.24
Zn 1.856 1.73 Poor 11.73
Mg 1.624 2.03 Fair 8.10
Co 1.623 2.31 Fair 9.27
Re 1.615 2.05 Fair 15.73
Tl 1.599 6.52 Good -
Zr 1.593 2.65 Good 6.90
Sc 1.592 1.94 Poor [13] 9.27
Ti 1.588 2.47 Good 7.31
Ru 1.583 1.63 Poor 19.45
Hf 1.571 1.95 Good 9.16
Os 1.579 1.64 [14] Poor -
Y 1.572 1.63 Fair 11.59
Be 1.568 0.74 Poor 26.12

* poor ductility = elongation < 15% and good ductility = elongation > 40

2.3 Crystal structure and plastic deformation behaviour of pure magnesium
2.3.1 Slip

Magnesium has HCP crystal structure (... ABABAB... stacking of atoms) with c/a = 1.624 (ideal
c/a=1.633) [15]. The basic slip in Mg is the basal slip (0001) due to the low c/a ratio which leads
to lower critical resolved shear stress (CRSS) on the basal plane at room temperature but it provides
only two independent slip systems [16]. Other slip systems are activated at higher stresses or at
higher temperatures (Fig. 2.1, Table 2.2 & 2.3) [17,18]. Within the HCP metals, the slip behavior
(Table 2.3) at room temperature is related to the axial ratio (c/a) due to the change in the critical
resolved shear stress (CRSS) with c/a, on the basal plane. The CRSS for basal slip increases as c/a
decreases (eg. Ti) and other slip systems such as prismatic and/or pyramidal are activated to

accommodate the slip. The CRSS on the basal plane for Mg is low because of its relatively higher



c/a ratio (1.624 at 25 °C). The c/a ratio decrease (either 0001 planes decrease, or 1010 planes
increase) results to increase of the interplanar distance d and thus the shear stress required to move
dislocations becomes lower. This relationship is described by Peierls-Nabarro stress, 7= P. e 279
[b (W1} where P is a factor depending on G (shear modulus), and p (Poisson’s ratio); b stands for
the Burger’s vector; and d is the interplanar distance [19,20]. Furthermore, Taylor [21] following
Von Mises [22] formulated that five independent slip systems are required for homogenous
deformation of polycrystalline metals. Groves and Kelly [23] analyzed the independent modes of
possible HCP slip systems (Fig. 2.1) with a, and ¢ + a, dislocations (Table 2.2). Slip system with ¢

+ a Burgers vectors alone provides five independent modes sufficient to fulfill von Mises criterion.

= (1011)[1123] — =
(1122)[1123] N\ (1012)[1011] (1011)[1012]

\ \
< -
\\‘;}_______ | (1013n3q331

Pyramidal

e BN

Prismatic

2110
(@ (b) ke

Fig. 2.1 The HCP structure of magnesium with (a) the basal, prismatic and pyramidal planes, (b)
extension and contraction deformation twins [24] (reprinted/adapted by permission from
[Springer Nature]:[Springer][ Metallurgical and Materials Transactions A] by [J. F. Nie et al]
[2020]).
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Table 2.2 Slip systems in magnesium [19] and the critical resolved shear stress for different
deformation mechanisms in magnesium [25-27].

Slip system Slip plane and Independent Deformation crss (MPa)
direction systems mechanism
Basal (o) {0001}<1120> 2 Basal slip 0.45-0.81
Prismatic (o) {1010}<1120> 2 Prismatic (a) slip ~39.2
Pyramidal type [~ {1122}<1123> 5 Pyramidal (a + c) 45-81
(cta) slip
Pyramidal type I (o) {1011}<1120> 4
Extension twinning 2-3
Twins 0-5 Contraction 76-153
twinning

Table 2.3 Basal and prismatic CRSS and c/a for HCP Metals (25°C) [19,28,29].

Metal c/a Basal CRSS (MPa) Prismatic CRSS (MPa)
£0001}[1120] {F1010}[1120]
Cd 1.886 0.57 -
Mg 1.624 0.43 39.2
Zn 1.856 0.4 6-15
Ti 1.588 110 48.95

2.3.2 Twinning

Twinning is the other deformation mechanism in Mg, and it compensates for the limited slip
systems at room temperature. It is known that the twinning shear is related to the axial ratio in
HCP crystals [15,30,31] as presented in Fig.2.2 [9]. Tension twins (extension along c-axis) show
negative slopes and compression twins (contraction towards c-axis) show positive slope (Fig. 2.2).
Additionally, the twinning mode of {1012}<1011> changes from tension to compression for axial
ratio of V3. Thus, metals with c/a ratio less than 1.73 (Be, Ti, Zr, Re, Mg) present extension twins
and those with ¢c/a more than 1.73 (Zn, Cd) present contraction twins [15]. Generally, the frequency
of specific twinning mode occurrence depends on the value of twinning shear according to Fig.
2.2 and experiments in which the axial ratio changes by alloying (i.e., lower the shear value, higher

the frequency). Other factors that affect the twinning mode are the ease of atomic shuffling and
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gliding. Thus, metals such as Re, Zr and Ti exhibit high ductility as they profusely twin in both
tensile and compressive modes. However, brittle metals such as Be and Zn twin only by {1012}

tension twin [9].
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Fig. 2.2 Twinning shear versus axial ratio (twin mode is active at filled circles). Redrawn from
[9,15].

During homogeneous straining of a polycrystalline material, the internal stress of some grains can
be tensile and for some others can be compressive along c-axis. A single twin system can provide
zero to five independent modes (Table 2.2) where the latter is assured in the case that both tension
and compression twins are active, provided that the local stress state is favorable [9]. The ductility
of HCP metals that undergo twinning is affected by the slip-twin interactions: the twin boundaries
act as sinks for gliding dislocations then the metal may exhibit higher ductility. However, if the
dislocations pile-up at the interface of twin boundaries, crack nucleation occurs. Pure Mg with c/a
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=1.624 exhibits the usual {1012} tension twins. In Mg, edge cracking occurs due to the pile-up of
basal dislocations which are repelled by {1012} tension twins [9]. One possible way to improve
the ductility of Mg is by reducing the frequency of tension twinning by altering the c/a ratio.
2.3.3 Strain hardening curve of Mg under tensile loading

Single crystal: Crystal structure and SFE largely determine the three stages of dislocation activity
in metallic single crystals (Fig.2.3) [20]. Stage I is easy glide (dislocation glide on a single slip
system) and is characterized by a slow rate of strain hardening. This stage is governed by the
crystal structure and the number of slip systems; it is seen in metals such as the HCP Mg with
limited slip systems[32]. FCC and BCC metals which have high number of slip systems activated
from the beginning of the plastic deformation and do not show Stage I easy glide [33]. In Stage II
(dislocation pile-up stage) dislocation pile-up at obstacles causes high back stress; the stress to
push dislocations increases resulting in a high rate of strain hardening. This stage is governed by
stacking fault energy (SFE); FCC metal aluminum (Al) with high SFE and narrow stacking faults
(SF) can exhibit easy cross slip of partial dislocations and prevent dislocation pile-up; they do not
show Stage II behavior. Copper, on the other hand, also FCC but with low SFE and wide SF,
cannot easily cross slip its partial dislocations and its stress-strain curve is characterized by Stage
IT and high rate of strain hardening. Stage II dislocation pile-up stage which leads to early crack
initiation is detrimental to ductility and tensile toughness. Stage IIl involves dislocation-
intersection activity which creates jogs that slow down dislocation mobility (dynamical recovery).
This stage strongly depends on temperature. Strain hardening rate here decreases with increasing
strain. BCC metals and FCC Al (high SFE and narrow SF) can cross slip their extended dislocation

and their strain hardening curve is dominated by Stage I11 [11,20].
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Fig. 2.3 Three stages of strain hardening in metallic single crystals. Redrawn from [20].

Polycrystalline Mg: Polycrystalline metals usually do not exhibit Stage I behavior because easy
glide does not occur due the differing crystal orientations of the grains. Recent research [34,35]
has shown that coarse-grained polycrystalline Mg does exhibit easy glide and Stage I behavior.
The strain hardening exponent, n, in the Hollomon equation o; = Ke{* where K=stress coefficient;
or=true stress, and & =true strain, is largely determined by the type of strain hardening the metal
exhibits. With a low value of n~0.16 for the polycrystalline Mg, the tensile toughness (energy
absorption during plastic deformation) which is determined by the area under the g, - €; curve can
be low [8]. Fine grained Mg would not show Stage I easy glide; and its Stage II behavior would

be governed by its ability to cross slip (SFE), twinning and non-basal slip activation.

2.3.4 Stacking Fault (SF)
Stacking faults are planar defects in the crystal structure of close-packed structures stemming from
the introduction or removal of atomic layers. These faults carry energy per unit area called the

stacking fault energy (SFE) which influences the plastic deformation of metals. The SF is created
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by the faults in the ABAB stacking of the HCP crystal structure on the basal plane. The SF can
form during slip from the creation of partial dislocations through dissociation reactions. The partial
dislocations having the same sign repel each other and additional rows of atoms can add to the SF
pushing the partials apart and increasing the SF width. The energy of the SF governs the width of
the fault [11]. High SFE metals such as Al (Table 2.4) have narrow SFs and the two partials with
the fault in between (called an extended dislocation) [11] can slip and cross slip through, but the
process is thermally, or stress activated as it requires vacancy creation or atom reshuffling to cause
the dislocation reactions needed. Metals with low SFE such as Mg, Cu, Ag and stainless steel have
wide faults and the ability of the dislocations to cross slip the partials is limited [36]. Experimental

estimates of SFE for Mg differ widely ranging from 50mJ/m? to 280mJ/m? [37].

Table 2.4 SFE values of common metals [38].

Metal SFE (mJ/m?)
cobalt 15
stainless steel 304 21
silver 22
gold 45
copper 78
nickel 128
aluminum 166

Table 2.5 Experimental estimated SFE of Mg[39].

Basal Stacking Fault SFE (mJ/m?)

Experimental 50-280
DFT calculations

Growth fault intrinsic, I1 | 16-30

Extrinsic fault, E 53-90
Deformation fault, I» 33-60
Twin-like fault, T> 38-60
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Recently, density functional theory (DFT) calculations have been used to estimate SFE for
Mg as shown in Table 2.5 [39]. DFT calculations distinguish between stable and unstable SFs. The
SFE evolves during slip deformation from stable SFE to unstable SFE. Vitek [40] introduced the
terminology of generalized stacking fault energy (GSFE) to describe the evolution of stacking
faults during slip. The difference of two supercells can be used to describe the GSFE where the
stable position is described by a burger vector b=0 and the unstable position by b#0.

The stable SFE was calculated to be 36mJ/m? by Smith and the GSFE in slip was calculated
to range between 86 mJ/m? (unstable growth and deformation faults) and 181mJ/m? (unstable twin-
like faults) [39]. Hence, the stable and unstable stacking faults have a low SFE (GSFE) in Mg (i.e.,
the faults are wide; only the twin-like fault evolves into a narrower fault with higher SFE during
slip). Recently, the role of SFE in the activation of non-basal slip was suggested by Sandlobes et
al[41] . It is possible to change the SFE via solute additions; this will be treated in a subsequent
section.

2.3.5 Effect of solutes on crystal structure and plastic deformation of Mg

Solutes can affect the plastic deformation behavior of Mg by influencing the crystal structure
parameters and the axial ratio, c/a by distorting the lattice spacing due to the different size or
number of valence electrons [19]. Electron-to-atom ratio (e/a) factor affects the lattice spacing and
it changes with the valence electrons of the solute element [42]. The electronic structure of Mg
and its Brillouin zones (BZ) can be used to explain this relationship. The first BZ is described as
a Wigner-Seitz primitive cell in the reciprocal space (k-space) and it consists of a set of planes
which form a closed volume and they are equivalent to the planes in the real crystal. BZ contains
the valence electrons, and the surfaces are energy discontinuities which satisfy the Braggs law.

Because of these discontinuities, the electrons cannot change their states from inside to outside the
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closed volume without excitation [16,43,44]. In Mg, the planes {0002}, {1100} and {1011} bound
the 1% BZ [16]. The properties of Mg and its alloys and the effect of e/a on lattice spacing can be
determined by the manner in which overlap of electrons occurs. With solutes of higher valency
than Mg, e/a increases leading to overlap from the 1% Brillouin zone. These excess electrons cause
an internal stress to the crystal and the lattice is distorted [ 16,44]. Furthermore, the reciprocal space
plane will be pushed toward the center by the increased number of electrons and as a result the
lattice parameter a in the real crystal expands. Conversely, solutes with lower valency contract
parameter a in the real lattice. The c-spacing, on the other hand is not affected by alloying until a
critical value that affects the overlap across the basal plane {0002} is reached. This overlap
expands the c-axis and it occurs at ~ 0.75 at% for a three valent solute and at 0.375 at.% for a four
valent solute [16].

Hume-Rothery et al. found that the c¢/a of Mg decreases slightly with the addition of 0.496
at. % Al and then increases. They found that a small addition (0.63 at.%) does not change the c/a
ratio but higher additions do [45]. It is also known that one-valent Li can change the crystal
structure of Mg from HCP to BCC [16,19]. Similarly, it was shown that Y addition in Mg increases
its lattice parameters as the e/a ratio increases and the c/a ratio follows a ‘V’ trend [46]. However,
Sandldbes et al. do not observe any essential change to the c/a ratio with the addition of Y in the
binary Mg-Y alloy [47]. Becerra and Pekguleryuz [48] have studied Li, In and Zn and reported
that Li decrease the c/a ratio from 1.624 to 1.6068 in the 0-16at%Li range due to decrease of e/a
from 2 to 1.84 causing electron overlap from the 2nd Brillouin zone to the 1st Brillouin which
leads to a contraction of the c-spacing in real space and a decrease in c/a. Three-valent In increased
the c/a of Mg to 1.6261 as In increased towards 3.3at%. The changes in a- and c-spacing were

related to changes in e/a as well as the atom size effect through Vegard’s law [49]. Becerra et al.
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have also determined the change in the interplanar spacing of basal, prismatic and pyramidal planes
in Mg-Li alloys in the range 0-16at%Li [19]. The spacing of basal planes presents larger reduction
than the interplanar spacing of non-basal planes. As the interplanar spacing decreases, the stress
to move the dislocations in the basal plane is higher (Peierls stress §2.3.1). Experimentally, the
prismatic slip is set in the range 1.624-1.610 and extensive prismatic slip has been observed at Mg-
16at%Li alloys [19]. Becerra et al [48] have generated an empirical relationship between c/a and
e/a using experimentally determined axial ratio (c/a) and valence electron concentration (e/a) of
binary and multi-component alloys. The c/a vs. electron concentration relationship here is given
as c/a=-15.6(e/a)’+60(e/a)- 55.8. Interestingly, it is found that an e/a of ~1.83 and 2.03 would give
an axial ratio of 1.58. Ti is a metal with similar axial ratio and good ductility as it does not present
basal slip at room temperature due to high CRSS (Table 2.3). Mg could present this axial ratio at
20 at% Li addition and theoretically for ~3-5at% In. This could be an interesting approach to
improve the formability of Mg alloys. Future first principles simulations could elucidate the
possible additions in Mg which could change the e/a ratio and change the unit cell towards a BCC

structure.

2.3.6 Effect of solutes on axial ratio and twinning

Both tension and compression twins (§ 2.3.2., Fig. 2.2) are involved in HCP metals with high
ductility. Pure Mg usually presents {1012} tension twins but solute additions can change c/a and
thereby the twinning mode. In Mg, the {1012} tension twins can be followed by {1011}
compression twins as its ¢/a is where these twin shears are very close [15]. Pekguleryuz et al. [18]
have investigated the edge cracking in 150 °C rolling of AZ31 and Mg-2wt%Li-1wt%Zn alloy
with different c/a (1.6247 and 1.6190 respectively). The Mg-Li-Zn alloy which had low tendency

to edge cracking showed tension/compression double twins, while the AZ31 with tension twins
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showed severe edge cracking. Pure Mg with c/a=1.6240 exhibits {1012} tension twins. With Li
addition, the c/a ratio decreases, and this c/a promotes tension/compression twins (Fig. 2.2).
Notably, AZ31 with c/a higher than pure Mg exhibits mostly {1011} tension twin (lower shear
stress). Thus, the ductility of AZ31 is low due to the dislocation pile-up at tension twins and the
crack initiation. It can be deduced that twinning related ductility can be increased in Mg via

alloying that decreases the c/a from 1.6240 towards 1.588.

2.3.7 Effect of solutes on stacking fault energy in magnesium

High SFE eliminates Stage II dislocation pile-up stage via enhanced cross-slip of partial
dislocations. Increasing the SFE would enable cross-slip in Mg and delay fracture thereby
increasing ductility. On the other hand, recent studies [50] stress the importance of lowering the
SFE which results in the generation of pyramidal c+a dislocations. The effects of alloying elements
on the SFE of Mg have been recently estimated via DFT calculations and are shown in Table 2.6
[39]. The elements that increase the SFE for the various SFs in Mg are few and the effects are
limited to certain types of faults (Table 2.7) [39]. If the unstable SFE for twin-like fault is taken as
111 mJ/m? rather than 18 1mJ/m?, then few other elements can be added to the table. Elements that
decrease the SFE are also listed in Table 2.7 [39]. Thornton [51] showed that electron to atom ratio

significantly affects the SFE and it is determined by the composition of the alloy.
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Table 2.6 Calculated SFE for Mg and binary Mg alloys by DFT (values are in mJ/m2) [39].

Reference of values from a: [52], b:[53], c:[54], d:[55], e:[56], f:[57], g:[41], h:[58], 1:[59], j:[60],

k:[61].
S Growth fault (I,) Deformation fault (I,) Extrinsic fault (E) Twin-like fault (T,)
System Stable SFE Unstable SFE Stable SFE Unstable SFE Stable SFE Unstable SFE Stable SFE Unstable SFE
217, 18°, 165, 447, 36", 34¢, ) . o i e
Mg 30¢, 17.981, 208, 86.28 36¢, 60°, 33.84% | 97%, 929, 87.6" ﬁgﬂ‘f sz :79, - ;ﬁ ‘(?]?h;‘ggq;, 181¢, 111¢
17.1%, 17.8, 18 33.8%, 38,3, 33 e 27 P TS
Mg-Li 16.7), 28k - 474, 48.21, 46% 954 - - 5694, 63.5 1194
Mg-Na 15.7 - 46.8 - 66.7 - - -
Mg-Al 12.5 - 214, 33.6 784 55.7 - 324 969
Mg-K 13.5 - 32.5 - 4750 - -
Mg-Ca 13.8 - 33.5 - 4961 - - -
Mg-Ti - - 369 112¢ - - 474 1374
Mg-Mn 13.% - 384,403 103¢ gl 4 - 834 1494
Mg-Fe 3.3 - 524403 1104 798 - 804 1464
Mg-Ni - - 554 99d - - 814 1354
Mg-Cu 16.6 - 539 40,1 97d 66.4i - 684 1264
Mg-Zn 18.28 8.5 91.08 374,351, 30.8 8694, 9420 58.8 - 434 1954
Mg-Sr 156 - 332 - 46.3 - - -
Mg-Y 3718 61.20 254 157, 32.9i 714, 62.1t 47.1 - 214 854
Mg-Zr 28 - 269, 35.3 99d 67.5 - 32¢ 119¢
Mg-Ag - 494 101¢ - - 62¢ 127¢
Mg-Nd 10.8 - 323 - 51.9 - - -
Mg-Sn 13.8 - 24 372 644 50.1 - 254 794
Mg-Pb - - 44 554 - - 32¢ 809
Table 2.7 Elements that change SFE [39].
Growth Fault Deformation Fault Extrinsic Twin-like Fault
Fault
Stable | Unstable | Stable Unstable Stable Stable | Unstable
Increase Li Zn Li, Na, | Li, Ti, Mn, Mn, Fe, Li, Ni, Li, Ti,
SFE Mn, Fe, | Fe, Ni, Cu, Ti, Mn, Fe,
Ni, Cu, Zr, Ag Mn, Ni, Cu,
Zn, Ag Fe,Ni, | Zn, Zr,
Cu, Ag
7n, Ag
Decrease | Na, Al, Y Al K, Al Y, Sn, Na, Al, K, Y, Zr, Al Y,
SFE K, Ca, Ca, Sr, Pb Ca, Sr, Y,Nd, | Sn, Pb Sn, Pb
Mn, Fe, Y, Zr, Sn
Cu, Sr, Nd’ Sn)
Y, Zr, Pb
Nd, Sn
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2.4 Ductility in Mg-Al casting alloys

2.4.1 Mg-Al based cast alloys (AM)

Mg-Al based casting alloys are based on binary Mg-Al system with 2-10% Al content (Fig. 2.4a).
Aluminum is soluble in Mg up to 2% (at room temperature) at equilibrium and the excess forms
the Mgi7Ali2 intermetallic second phase which has a wide composition range (not a stoichiometric
line compound) [52]; it contains both covalent and metallic bonding. It presents homopolar bonds
among Al atoms, heteropolar bonds between Mg and Al and metallic bond among Mg atoms and
it can be written as (Al2)122 Mgas™ Mgjo. Its crystal structure is cubic, isomorphous with the a-Mn
(cI58). Its unit cell consists of 34 Mg atoms which occupy 3 different positions namely Mg(I),
Mg(II) and Mg(Ill) and 24 Al atoms [15,53]. Due to its wide chemical composition the lattice
parameters can vary significantly. Zhang et al.[54] report that the lattice parameter can vary from
1.050 nm to 1.069 nm affected by the different orientation relationship with the magnesium matrix.
There are different types of orientation relationships between the Mg matrix and the Mgi7Al2

precipitate with the most predominant to be the (0001)mg || (011)pand [2110]mg || [111]8 [55-58].
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Fig. 2.4 (a) Calculated Mg-Al phase diagram with the structure of Mgi7Al12 using FactSage
(FTlite database) [59]. The light blue area represents the Al range (wt%) of the commercial Mg-
Al system. (b) BSE-SEM micrograph showing the as-cast microstructure of a commercial Mg-Al
based alloy (AM60B) synthesized and cast at McGill.
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Mg-Al-Mn based alloys, such as AM60B (~6% Al and ~0.3% Mn) are commonly used for
die casting automotive components. These alloys offer a good combination of strength, ductility
and castability. Al ensures the good castability due to the increase of freezing range and Mn
removes the Fe and Ni impurities with additional melt treatments leading to a better corrosion
resistance. Mn also contributes to grain refinement. AM cast alloy microstructure consists of a-
Mg solid solution (~2% Al), the Mgi7Ali2 and Alg(Mn,Fe)s intermetallic phases in the
interdendritic regions (Fig.2.4b) . The Mgi7Al2 precipitates present different morphologies (i.e.,
lamellar, fibrous, granular, divorced or partially divorced) which are affected by the amount of Al
and the cooling rate of the alloy. As aluminum increases the B-phase becomes less divorced

[52,60-62].
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Fig. 2.5 (a) Effect of Al content on ultimate tensile strength, yield strength (0.2% offset) and
elongation in AM series alloys. Redrawn from [35,63].
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The amount of B-Mgi7Al12 phase (Fig. 2.5) and its morphology determine the strength and
ductility of cast AM alloys. As the amount of the phase increases strength increases and ductility
decreases. AM alloy compositions have been developed mainly to obtain certain combinations of
strength and ductility by controlling the amount of B-Mgi7Al2 in the alloy. By lowering the
amount of Al, the ductility increases due to the lower volume fraction of Mgi7Ali2; however the
strength decreases. The AM60 (Mg-6%A1-0.3%Mn) alloy offers the best combination of strength
and ductility [52,62,64,65].

2.4.2 Ductility improvement of Mg-Al based cast alloys

Mg-Al based alloys were developed by Norsk Hydro to help expanding Mg application in
structural automotive components which need high energy absorption. Alloys with 2-6wt%Al are
good candidates for such applications due to their high ductility [66]. There is a current interest to
expand the use of Mg-Al alloys in critical automotive structural applications. As a result, the
further increase in ductility without compromising strength is important. As described in the
previous sections, there are different mechanisms that can affect the mechanical properties such as
the intrinsic properties of Mg matrix and the microstructure. The following sections describe three
different mechanisms that could affect the ductility of cast Mg-Al based alloys. The current thesis
mainly focuses on the effect of trace additions on the refinement of the microstructure and more
specifically that of B-Mgi7Ali2 and a-Mg.

2.4.2.1 Modification of AM alloys with trace additions

Previous knowledge on Al-Si cast alloys has shown that trace additions can refine the eutectic
silicon morphology which can significantly improve the ductility [67]. The eutectic silicon can be
refined with low additions such as Sr[68], Na[69], Sb[70], Y, and Yb [71]. For instance, ppm Sr

addition co-segregates with Al and Si inside the eutectic precipitates causing growth poisoning;
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hence refinement of the eutectic phase [72]. However, this modification can be lost if it does not
occur at the optimum addition range which is around 100ppm level for Al-Si alloys. When the
alloying addition is less than the optimum level, the Si is under modified and for higher additions
than the optimum new phases form and the alloy is over-modified [67,73]. A similar approach can
be used for Mg-Al cast alloys. Koubichek [74] has first identified the refining effect of trace Sr
and Ca additions on the grain size and the Mg 7Ali2 phase in Mg-Al alloys in 1959. Knowledge
exists on the grain refinement of Mg-9%Al-1%Zn (AZ91) alloy with ppm Sr additions due to the
poisoning of a-Mg grains by a thin layer of Sr which leads to growth restriction [75]. Recent
investigations focus on the addition of RE in Mg alloys which improve the mechanical properties.
Rare earths are surface active and they tend to segregate to defects such as grain boundaries and
interfaces leading to their modification [76,77]. Minor additions of Gd in AZ91forms AlsMnsGd
precipitates which refine the Mgi7Al12 phase and the a-Mg grains because they act as nucleation
sites [78]. Wang et al.[79] examined the effect of yttrium addition to AZ91 alloy. The volume
fraction of B-Mgi7Al12 decreases with Y addition and it becomes fine after the formation of Al,Y.
Nd addition improves the ductility of the alloy by decreasing the amount of Mgi7Al12 due to the
higher affinity of Al to create AlNd intermetallics [80]. Furthermore, similar effects have been
observed with the addition of Ce in the as cast Mg-4Al based alloy where the ductility increased
due to the refinement of the microstructure and the suppression of f-phase. However, high amounts
of Ce (6wt%) form coarse and brittle Al>Ce intermetallics which deteriorate the ductility [81,82].
Additionally, Er seems to increase the ductility of Mg-Al based alloys [83,84]. Trace Er addition
formed ALzEr intermetallics which refined the microstructure improving the mechanical properties
[83]. Trace Er in AZ31 was observed to be beneficial for the strength and ductility due to grain

size refinement; however higher additions reduce the strength due to Al2Er formation which leads
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to grain coarsening and reduction of Mgi7Al2 [85]. Er can also present beneficial effect on the
Mgi7Al> intermetallic as it can refine it and increase its microhardness [86]. Studies on Mg-Si
alloys have shown that Nd and Gd can refine the Mg>Si precipitate by poisoning it but higher
additions can be potentially detrimental as other second phases form [87,88]. It was previously
observed [89] that Sn addition in Mg-Al-Zn alloys can modify the morphology of Mgi7Ali> which
changes from lamellar into fully divorced. This transformation improved the ductility of the alloy.
Additionally, Candan et al. results show that the addition of Ti in AZ91 decreases the amount of
Mg7Ali2 but without any effect on ductility [90].

Ductility of Mg castings is affected by the morphology, distribution, and nature
(stoichiometry, bonding, hardness, ductility) of the second phases. In Mg-Al cast alloys the
Mgi7Al2 intermetallic is present as a divorced or partially divorced eutectic. The ductility of
Mgi7Ali2 seems to be a controversial issue in literature as it is considered a brittle [53,91,92] or
ductile [93,94] phase according to first principle calculations. These calculations are based on the
calculated elastic constants of Mgi7Ali2; namely the ratio of the shear modulus over the bulk
modulus where a ratio less than 0.57 indicates a ductile intermetallic (B-Mgi7Al12 shows a range
from 0.46 to 0.68). The dissolution of an alloying addition inside Mgi7Ali2 or the formation of a
new phase depend on the amount and type of alloying addition[95]. The alloying additions can
occupy different positions in Mgi7Al2 (i.e., Mg (I, II, III) or Al positions) depending on the
minimization of the occupational energy. It has been shown that Ca, Zr and La substitute the Mg
atoms and Zn, Cu and Ni substitute the Al atoms. Mn and Sn show positive occupation energies
and it is not investigated what positions they occupy [95]. The substitution of Mg and/or Al leads
to structural stability and distortion of the lattice changing the lattice parameter of Mgi7Al12 [96—

98].
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2.4.2.2 Ductility of the a-Mg matrix

Another important factor influencing the ductility of Mg-Al based alloys is the plastic deformation
behavior of the ai-Mg matrix. To avoid easy glide where dislocations accumulate quickly at the
intermetallics leading to an early fracture, high SFE that promotes cross slip is desirable. High
plastic work capacity (high tensile toughness) is important in delaying fracture in the presence of
stress concentrators [36]. Dislocation mobility is also important in blunting the crack tips during
growth, hence smaller dislocation cores and high SFE are desirable [11,12]. On the other hand,
new research does show that a low SFE can lead to the activation of pyramidal c+a dislocations
which can contribute to ductility [41,47,50]. Casting alloys develop their properties mainly via
liquid metal processing and if possible, via subsequent heat treatments. Due to cost sensitivity,
automotive parts are cast by high-productivity processes such as high pressure die casting (HPDC).
The a-Mg in HPDC AM alloys is supersaturated in Al (i.e., the Al > 2wt% Al equilibrium value)
due to the rapid HPDC solidification rates. Al decreases the SFE [39] and slightly decreases the
c/a ratio of Mg up to 0.496 at% Al (0.55% Al) and then increases [45]. Supersaturation of the o-
Mg matrix of the HPDC AM alloy may result in further increase in c/a. Increased c/a favors tension
twinning decreasing the ductility of the alloy. Rare earths (RE) can improve the ductility of pure
Mg by decreasing the SFE [50] or by forming long period stacking ordered phases (LPSO) when
a transition metal is present [99]. However, the presence of Al decreases the solubility of RE in o-
Mg solid solution forming brittle intermetallics with them [100-103] counteracting the effect of

the above mechanisms.

2.4.2.3 Role of dispersoid in tensile toughness
Limited slip systems in HCP Mg and inability to activate non-basal slip systems can lead to

dislocation pile-up at obstacles. Celikin et al. [104] have seen that dislocations can pile up at
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intermetallics leading to early crack initiation during creep; the failure could be delayed when
nano-scale dispersoids could pin dislocations within the grains. In AJ62 (Mg-6Al-2Sr-0.3Mn)
[105] alloy produced by HPDC, a-Mg matrix supersaturated in Al-Mn led to the precipitation of
nano-dispersoids during thermal exposure which delayed cracking and failure. The design of nano-
scale dispersoids is challenging but seems to require the presence of peritectic slow diffusing
solutes to be combined with eutectic solutes in a supersaturated matrix. The effect would be

increase in strength as well as a delay in failure which could increase tensile toughness.
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CHAPTER 3

The significant effect of trace Yttrium level on the mechanical
properties of cast Mg-6Al alloy through a refinement mechanism

According to the literature review, rare earths are promising in improving the mechanical
properties by refining the microstructure of Mg-Al based alloys. However, the high cost can be
prohibitive in using them at high levels in Mg automotive applications. Using the knowledge of
eutectic Si refinement in Al-Si alloys with low alloying additions (ppm level), this chapter
discusses the mechanism of Mgi7Al;> refinement with ppm Y additions and the improvement of
Mg-6wt%Al mechanical properties. Thermodynamic simulations, microstructural investigation
and mechanical testing are employed to better understand the role of low Y additions in the
refinement of Mg-Al based alloys. This chapter has been published as a journal article:
Korgiopoulos, K., & Pekguleryuz, M. (2020). The significant effect of trace yttrium level on the
mechanical properties of cast Mg—6Al alloy through a refinement mechanism. Materials Science

and Engineering: A, 775, 138966.
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ABSTRACT

It was observed that low level of yttrium (Y) has a modifying effect on the Mgi7Ali> phase in the
binary Mg-6wt%Al casting alloy. Scanning/transmission electron microscopy, mechanical testing
and thermodynamic calculations were employed to understand the modification mechanism. It is
found that Y at frace level refines the f-Mgi7Al12 phase leading to increased tensile elongation and
compressive strain to fracture. The refinement effect is lost with further increase in the Y level.
Thermodynamic calculations (Scheil cooling) indicate that the formation temperature of the
AlsMgY phase changes with the Y level. At trace levels, its nucleation temperature is the same
as that of Mg 7Ali2, producing a co-precipitation/nucleation effect. As Y increases, AlsMgY forms
at increasingly higher temperatures than B-Mgi7Ali2 with a loss of the refinement due to the

disappearance of co-precipitation.

Keywords: Magnesium; Mg7Al> refinement; Mg-Al alloys, Tensile Ductility; Compressive
strain; Thermodynamic calculations

3.1 Introduction
Magnesium-aluminum based casting alloys (Mg-Al-Mn, Mg-Al-Zn) are the most widely used
automotive alloys utilized in interior, under-the-hood and wheel components for vehicle
lightweighting, resulting in fuel economy, reduced emissions and performance improvement [1,2].
There is current interest in further developing these alloys for improved ductility and stiffness in
order to extend their use in cast structural body applications such as pillars, closures and panels.
In Mg-Al based alloys, the B-Mgi7Al12 intermetallic phase has a major effect on mechanical
properties; it improves strength but also reduces ductility. The 3-Mgi7Ali2 phase reduces ductility

in various ways. Dislocation pileup at the interface between a-Mg and B-phase can lead to crack
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initiation both in the a-Mg and in the Mgi7Ali2 phase. Crack propagation through the Mgi7Ali2
precipitates can be detrimental if the phase is a continuous network or it has coarse divorced
eutectic morphology [3,4]. Lamellar, fibrous and granular morphology is more beneficial for
ductility as the crack propagates a short distance before it is stopped at the interface with the ductile
a-Mg matrix. It is also expected that strain accumulation leading to crack initiation in the a-Mg
phase would be accentuated if the phase morphology is one of sharp edges and the size scale is
sufficient to accumulate dislocations at its interface. In commercial alloys, the Al level is kept at
6wt% to attain an optimum combination of ductility and strength. New structural applications in
crashworthy automotive components require further improvement of ductility while maintaining
the strength levels of Mg-6wt%Al alloys [2,5,6]. The refining of the B-Mgi7Ali2 phase can
therefore partially prevent its adverse effect on the ductility of Mg-Al alloys.

The beneficial effects of morphological refining are well known in Al-Si alloys [7] where the
trace additions of Na and Sr can refine the eutectic silicon morphology and greatly improve the
ductility. It is also known that the effect occurs only at the optimum addition range that is usually
in the 100-200 ppm levels; below the optimum level, the Si phase is under-modified and above the
optimum level the modification effect is lost, and the alloy is over-modified. Over-modification is
considered to coincide with the formation of a new phase between the addition element (e.g., Sr)
and Al. The mechanism of phase modification via Sr is attributed to growth poisoning of the silicon
phase by the surface-active Sr segregating to the growth surfaces or the habit planes of the silicon
[7].

The refining effect of trace additions of Sr and Ca on the grain size and the Mgi7Ali> phase

in Mg-Al alloys has been first identified by Koubichek [8] in 1959. Previous work supports the
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grain refining effect of ppm Sr additions in AZ91 due to the poisoning of a-Mg grains by a thin
layer of Sr which retards the growth [9].

In recent years, more work has been carried out on the refining of Mg alloys via Sr or Sb
[10]. Table 3.1 summarizes work carried out in the last decade on the modification of the Mgi7Al12;
none of the studies include a systematic investigation to determine optimum addition level for

phase refinement without the formation of new detrimental phases.

Table 3.1 Studies on the Refinement of the Mgi7Ali2 Phase in Mg-Al Alloys.

Addition/Alloy Effect on Mgi7Alr2 Optimum level Ref.

Y /AZ91 Dispersed but also formed ALY [11]

Y /AZ91 Refined with formation of Al,Y; Ductility improvement [12]

Y/AZ80 Refinement of continuous network; Formation of ALY [13]

Y/AZI1 Mass fraction decrease with formation of coarse AlLY; 0.6wt% [14]
enhanced ductility

Sn/AZ91 Change from lamellar into fully divorced; enhanced tensile ~ 0.5wt% [15]
elongation

Nd/Mg-4Al Reduces volume fraction but forms AlNd; improves [16]
ductility

Ce/Mg-Al General refinement of the alloy microstructure; Reduced [17,18]
volume fraction of Mgi7Ali2; improves ductility below 6wt%

Ti/AZ91 Suppression of partially divorced Mgi7Ali2; no effect on [19]
ductility

Er/Mg-Al Improves ductility [20,21]

The inherent ductility of the intermetallic second phase is also important. For example,
electron compounds with an electron/atom ratio of 3/2 are non-stoichiometric and exist over a
composition range; they have partial metallic bonding and exhibit plasticity governed by
dislocation core structures and metastable stacking-fault energies as well as grain-boundary
deformation mechanisms [22]. The Mgi7Ali> phase has a cubic crystal A-12 type structure
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isomorphous with the a-Mn (cI58) with space group 1-43m. Its unit cell consists of 34 Mg atoms
and 24 Al atoms and it combines three different types of bonds[23,24]. It presents homopolar
bonds among Al atoms, heteropolar bonds between Mg and Al and metallic bond among Mg
atoms, (Al)i2? Mgaa™ Mgio [23]. In the literature, the inherent ductility of the Mgi7Ali2
intermetallic is a controversial issue, as on the one hand, researchers consider it as a brittle phase
[24-30] according to first principle calculations and experimental results and, on the other hand,
this intermetallic is considered to be ductile [31,32]. This is based on a ratio of calculated elastic
constants, namely the ratio of the shear modulus (G-resistance to plastic deformation) over the
bulk modulus (B-resistance to fracture) where a ratio less than 0.57 indicates a ductile intermetallic
(B-Mg17Al;12 shows a range from 0.46 to 0.68).

In the present study, low level Y additions were made to Mg-6wt%Al (Mg-6Al) alloy based
on its potential effect for Mgi7Al12 phase refinement. Microstructural investigation using scanning
and transmission electron microscopy (SEM, TEM) was carried out to understand B-phase
modification with trace levels of Y. Thermodynamic calculations and experiments were performed
to study phase selection and solidification paths in Mg-6Al-(Y) alloys. The effect B-phase

modification on the mechanical properties of the Mg-6Al-(Y) alloys was determined.

3.2 Experimental Procedures

Four different alloys (Table 3.2) were synthesized using commercial purity (99.98%) Mg ingot
(Magnesium Electron), 99.9% pure Al granules (Alfa Aesar) and 99.9% pure Y rods (Hefa Rare
Earth Canada). Pure Mg was heated to 700 °C inside a graphite crucible in a Norax Canada
Induction Furnace under a protective atmosphere of CO2/SFs gas (0.553% SF¢ and balanced CO»);

the alloying elements were added at 720 °C and held for 20 minutes at temperature; the molten
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metal was then stirred and skimmed and the alloys were poured under protective atmosphere into
a preheated (400 °C) steel mold to produce flat plates (6mm thickness).

Inductively coupled plasma atomic-emission spectroscopy (ICP-AES) was used to determine
the chemical composition (Table 3.2). The Alloy 1 where Y actual level was very low was also
analyzed with laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) as it
was challenging to detect frace level Y likely due to its partitioning to defects, an effect also seen
in rare earth additions to Mg [33].

Table 3.2 Chemical composition of the alloys.

Target Alloy” Al Y Mn"™* Fe™ Si™
(Wt%) (ppm) (wWt%) (Wt%) (Wt%)

Mg-6Al 6.23 - 0.015 0.027 0.004
Alloy 1 6.28 0.2-1.5" 0.015 0.023 0.004
Alloy 2 6.18 130 0.004 0.009 0.003
Alloy 3 6.16 280 0.014 0.010 0.005

*Mg: balance ~“Average from LA & ICP AES™ Impurities from the raw materials

Tensile test specimens with a gauge length of 25 mm were machined from the cast samples
according to the ASTM ES8 standard. The elongation was measured by an extensometer.
Compressive test samples with a diameter of 5 mm and a height of 7.5 mm were also machined
from the castings. Tensile and compression testing (MTS 810-100kN servo-hydraulic machine)
were conducted at room temperature with a strain rate of 0.001 s™'. Boron nitride was used as
lubricant on mica sheets for the compression test.

Specimens for microstructural analysis where prepared by manual grinding with a series of
SiC papers and then polishing with colloidal silica. Hitachi SU3500 scanning electron microscope
(SEM,) with an energy dispersive X-ray spectroscopy (EDS) detector was used for

microstructural investigation. A Nikon-Epiphot 200 optical microscope was used to measure
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the grain size of the alloys after etching at room temperature. The etchant contained 4.2 gr picric
acid, 10 ml acetic acid, 10 ml distilled water and 70 ml ethanol. Crystallographic information
of the cast alloys was obtained by X-Ray Diffraction (XRD) using a Bruker D8 Discovery X-
Ray Diffractometer (Cu source) after stress annealing at 260 °C for 1 hour as described in [2].
The samples were prepared by grinding and polishing before the heat treatment to create a flat
surface.

For the transmission electron microscopy (TEM), a diamond saw was used to cut thin
foils from the tensile samples gauge length that were mechanically ground with a series of SiC
paper to reduce the thickness to 100 um. A hole-punch was used to obtain 3 mm discs that were
jet-polished in a Struers Tenupol 3 jet polisher. A solution of 10% perchloric acid at -30 °C was
used for jet polishing. To investigate the correlation between the Al-Mg-Y and Mgi7Al2
precipitates another TEM sample was prepared using focused ion beam (FEI Helios Nanolab
660 DualBeam-FIB) cutting the two phases at the same time. The TEM images were acquired
using a FEI Tecnai G* F20 Cryo-STEM microscope operating at 200 kV.

3.3 Results and Discussion

3.3.1 Mechanical Properties

Tensile tests at room temperature were conducted on as-cast alloys to investigate the effect of the
Y additions on mechanical properties. Compression tests were also conducted at room temperature
to eliminate the effect of these defects such as porosity and inclusions on tensile ductility.

The average tensile ductility (El) of Mg-6Al increases ~63% with the trace addition of Y
(Alloy 1) however, it decreases for higher additions of Y (Table 3.3). The same trend is followed
in the ultimate tensile strength (UTS) which increases 14% while the yield strength (YS) remains

almost constant.
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Table 3.3 Room temperature average tensile properties.

Mg-6Al Alloy 1 Alloy 2 Alloy 3

UTS (MPa) 206+ 5 235+ 13 185+8 207 £ 8
YS (MPa) 74 +£6 72 £11 64+2 71+8

El (%) 8£2 13+3 8+1 9+1
Table 3.4 Room temperature average compression properties.

Mg-6Al Alloy 1 Alloy 2 Alloy 3

UCS (MPa) 276 £8 271+3 23346 263 +4
CYS (MPa) 105+8 97+5 862 103+4
Strain (%) 23£1 28 +£2 2143 22+2

The effect of trace Y is also seen on compressive properties (Table 3.4). The strain to

fracture increases 22% with the frace Y addition and it decreases with higher Y levels following

the same trend as the elongation in the tensile test. The results reveal the significantly positive

effect of only a trace level of Y (which is 0.2-1.5 ppm as per ICP analysis) on the ductility of the

Mg-6Al alloy. It is also noted that the beneficial effect of Y is lost when Y content increases to

100 ppm. The tensile and compression stress-strain curves in terms of strain to fracture are shown

in Fig. 3.1.
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True Stress (MPa)

Strain (%)

(a)
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T
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Fig. 3.1 (a) Tensile and (b) compression stress-strain curves for the best performing samples.
The best performing samples were considered to have the effects of casting defects removed.
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3.3.2 Alloy Microstructures, Phase Selection and Mg17Al12 Refinement

The SEM micrographs of the four alloys in the as-cast condition are shown in Fig. 3.2. The findings
are summarized in Table 3.5. Mg-6Al and Alloy 1 possess divorced Mgi7Al» eutectic and Mg-Al-
Fe-Mn phases. Alloy 2 and Alloy 3 contain divorced Mgi7Ali2 eutectic, Mg-Al-Mn-Fe-Y and Mg-

Al-Y precipitates.

Mg;;Al A y
2174l : : ‘
Mg-Al-Mn-Fe

Mg-Al-Mn-Fe,
»

100 um ) ¢ 100 pm

s

MgpAlLy © , ~ P MR
: D Mg-Al-Y"

Mg-Al‘Mn-Fe-Y [
Mg-Al-Mn-Fe-Y

100 pm "/ e 100 jm

(d)

Fig. 3.2 As-cast microstructures of (a) Mg-6Al, (b) Alloy 1, (c) Alloy 2, (d) Alloy 3.

Table 3.5 Phases in the Alloys as determined via SEM/EDS.

Alloy Phases

Mg-6Al a-Mg, B-Mgi7Ali2 partially divorced, Mg-Al-Fe-Mn, Al enriched interdenditic regions
Alloy 1 a-Mg, B-Mgi7Ali2 partially divorced, Mg-Al-Fe-Mn, Al enriched interdenditic regions
Alloy 2 a-Mg, B-Mgi7Ali2, Mg-Al-Mn-Fe-Y, Mg-Al-Y, Al enriched interdenditic regions
Alloy 3 a-Mg, B-Mgi7Ali2, Mg-Al-Mn-Fe-Y, Mg-Al-Y, Al enriched interdenditic regions

Alloy 1:
The alloy microstructure (Fig. 3.2b) exhibits significant refinement of the Mgi7Al12 compared to

the base alloy. Neither the a-Mg matrix nor any of the phases give Y signal in SEM/EDS analysis.
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Alloys 2 and 3:

Alloy 2 and Alloy 3 microstructures (Fig. 3.2 ¢, d) are more refined than the base alloy, but the
Mgi7Al12 is slightly coarser in Alloy 2. Yttrium is not detected in the a-Mg matrix in these alloys
(Fig. 3.3). Yttrium is found as Mg-Al-Y phase or in the Mg-Al-Mn-Fe precipitates. Some but not
all of the Mg-Al-Y and Mg-Al-Mn-Fe precipitates (with or without Y) are associated with -
Mgi7Al2 (Fig. 3.3). The close association may be an indication that they have a nucleating or a
co-precipitation role in the formation of Mgi7Ali2. These particles can be coarse or fine, but it is

expected that only the finer particles can function as effective nucleants for the Mg 7Ali2 phase.

Mg-Al-Y

MgnAlu/r

Fig. 3.3 EDS mapping analysis in Alloy 2 (100ppmY). Alloy 3 (300ppmY)) has similar
microstructure.

The SEM images of Fig. 3.2 were analyzed with the Imagel software [34] (~1000 Mgi7Al2
and ~300 Mg-Al-Mn-Fe-(Y) particles analyzed) to determine the effect of Y on the size of the
second phases (Table 3.6). The area fraction of f-Mgi7Al12 slightly increases in Alloy 1 and

decreases with high Y additions (Alloy 2&3). Additionally, the B-Mg17Al:2 size decreases 47% for
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trace Y addition (Alloy 1) and then it increases again with higher Y amounts. The standard
deviation of the size also decreases with trace Y showing that the morphology of the island-like
B-phase becomes more regular. It is observed that the area fraction of Mg-Al-Mn-Fe phase also
increases with frace Y addition (Alloy 1) and then decreases again with higher Y amounts. Its size
follows similar trend with Mgi17Al1> phase where it decreases in Alloy 1, and it becomes coarser
with higher amounts of Y amount. Mg-Al-Y forms only in Alloy 2 & 3 which becomes coarser as
Y level increases. The a-Mg grain size of Alloy 1 decreases 11% compared to the binary Mg-6Al
and it increases with higher additions of Y. The grain coarsening with Y addition has been reported
previously [35,36] and has been related to the coarsening of the pro-peritectic ALY phase [37].
The present results show that the effect of frace Y is different from the effect of higher levels of
Y additions. There is a refining effect of frace level of Y on the B-phase, Mg-Al-Mn-Fe precipitates
and o-Mg matrix. Importantly the refining effect is lost as the Y level increases from trace levels
(Alloy 1) to higher Y amounts (Alloy 2 & 3). This effect is very similar to the grain refining effect
of Sr on AZ91 alloy [9] where a loss of grain refining occurs at levels higher than 200 ppm Sr.

Table 3.6 Effect of Y addition on the size and area fraction of second phases.

Alloys Mg Al, Mg Al, Mg-Al- Mg-Al- Mg-Al-Y Mg-Al-Y o-Mg

Area Size Mn-Fe- Mn-Fe- Area Size Grain
fraction (pmz) (Y)* (Y)* fraction (p,mz) Size
(%) Area Size (%) (um)
. 2
fraction (nm")
(%)
Mg-6Al1 0.97+0.40 32+15 0.09£0.05 1.56+0.06 - - 96+13
Alloy 1 1.44+£0.66 17+5 0.12£0.03 1.41+0.20 - - 85+15

Alloy 2 1.22 + 24+5  0.04£0.01 1.97£0.56 0.04+£0.02 2.74+0.68 104+14
0.35
Alloy3 0.7+040 22+12 0.08+0.02 4.01+0.62 0.03+0.02 3.47+0.74 9848

*Y is present in Mg-Al-Mn-Fe phase only in Alloy 2 & 3
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3.3.3 The Effect of Mgi17Al12 Refinement on Ductility

One of the questions that can be raised at this time is whether the improvement in the ductility of
Mg-6Al is due to the refinement of the B-phase, the Mg-Al-Mn-Fe, or the grain size. To assess the
effect of the microstructure on ductility, polynomial regression analysis was conducted with the
Minitab software. The statistical coefficients calculated by the software are: the standard error S
which shows the standard deviation between the data and the fitted values; the RZ*@gj) which
represents the modified R? and it shows how close the data are to the fitted line from the regression;
the P value is the probability that shows the evidence against the null hypothesis (lower probability
means stronger evidence against the null hypothesis) [38]. According to the analysis of variance
(ANOVA), for the tensile ductility, the only significant factor is the size of Mgi7Aln2
(R%(2d)=99.98% with standard error S= 0.0351012 and P=0.009). The resulted equation showing
the relationship of %El with Mgi7Al12 size is: %El = 44.38 - 2.648 Mgi7Ali2 Size + 0.04724
Mgi7Al> Sizé’.

For the other variables, i.e., a-Mg grain size, the area fraction of Mgi7Al12 and Mg-Al-Mn-
Fe-(Y) and the size of the latter, the R? is lower, and the P value is much higher than the
significance level (=0.05) that prove that only the size of Mgi7Al2 has a significant effect on
ductility. However, the regression on compression strain to fracture shows that again the size of
Mgi7Al12 has significant effect (R%(adj) = 99.84%, S=0.122854, P=0.023) but also the area fraction
of Mg-Al-Mn-Fe-(Y) (R%adj) = 99.99%, S=0.0225992, P=0.004) and o-Mg grain size (R*@dgj) =
94.04%, S=0.759051, P=0.020) can significantly affect the strain to fracture. It is likely that the

latter has an effect on shear deformation.
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3.3.4 The Role of Y on Mgi7Ali2 Refinement

Several other questions can be asked with respect to the role of Y on B-Mgi7Al2 refinement. What
is the mechanism of B-Mgi7Ali2 refinement with Y? Why is the trace level Y more effective than
100-300ppm levels? Are the same mechanisms involved in all three alloys? Both experimental
investigation and thermodynamic calculations were performed to understand the role of Y on B-
Mg7Ali2 refinement.

3.3.4.1 Experimental Study

The Effect of Y on B-Mgj7Al;» Lattice Parameters

XRD was used to investigate if there was any crystallographic change of the B-phase (Fig.3.4).
Five bulk samples from different areas of each alloy were analyzed after stress annealing at 260
°C for 1 hour to reduce internal stresses. The XRD patterns were refined at 20: 35.6°-45° (the only
strong peaks for Mgi7Al12) using Rietveld refinement with the GSAS II software [39] to obtain
information about the lattice parameter a and cell volume of Mgi7Al2 (Table 3.7). No Mg-Al-Mn-
Fe-(Y) was detected. Mgi7Al1> presents a large range of lattice parameters due to its wide chemical
composition range [2]. Zhang et al. report that the range varies from 1.050nm to1.069 nm and it is
associated with the different orientation relationships of the phase with the Mg matrix [40]. The
lattice parameter and by extension the cell volume of Mg 7Ali2> show an increasing trend for Alloy
1 and Alloy 2, but with further Y addition (Alloy 3) they decrease. It is likely that at low Y levels,
Y incorporates into the crystal structure of B- phase changing slightly the lattice parameter, but
when it is added in higher amount, then there is a preferential reaction to form Y-enriched

secondary phases.
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Fig. 3.4 XRD diffraction peaks.

Table 3.7 Average lattice parameter of Mgi7Al2 after XRD pattern refinement

Alloys a Cell Volume Weight fraction
A) A%

Mg-6Al 10.5841 +0.0014 1185.68 0.034+0.003

Alloy 1 10.5856 £0.0019 1186.18 0.036+0.002

Alloy 2 10.5871 £ 0.0025 1186.67 0.039+0.006

Alloy 3 10.5849 £ 0.0018 1185.92 0.033+0.002

Yttrium in the Microstructure

TEM analyses were conducted to further investigate the role of Y in the microstructure. TEM/EDS
analyses were performed on Mg-6Al, Alloy 1 and Alloy 3. Table 3.8 summarizes the phases

observed via TEM. Further details are discussed below.
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Table 3.8 Phases observed in FIB and TEM analysis.

Alloys Mgi;Al;; size  Mgy7Al; depth in matrix Mn enriched MgAIlY phase
(FIB) (TEM cross section) phase (um?) (um?)
(um?) (um)
Mg-6Al 31 2 0.009-0.5 -
Alloy 1 18.5 0.8 - -
Alloy 3 11 2.7 13 0.3

Alloy 1 (0.2-1.5 ppmY): TEM/EDS was not able to determine the location of Y either the a-Mg
matrix or in any of the precipitates of Alloy 1 even though the bulk chemical analysis of Alloy 1
gives Y in the composition, albeit at very low levels. It is recently reported via atom probe
tomography [33] and SEM/EDS [41] that rare earth elements segregate to defects (surfaces,
interfaces, grain boundaries, dislocations, stacking faults due to their surface active nature where
the solute decreases the energy of the defect. The Density Functional Theory defines this as the
change in Gibbs energy relative to the concentration gradient between the bulk alloy and the
surface. Yamauchi [42] model defines that when the Wigner-Seitz radius (r) of the solute element
is larger than the host (ry: 0.2 nm [43], rmg:0.14 nm [44]), then surface segregation occurs because
of the accompanying reduction in surface energy. Yamauchi showed that when p = rsolute/Thost 1S
above 1 surface segregation is likely. Surface segregation is not seen only for rare earth solutes.
D. Aydin et al [45] have shown the surface activity of Sr in Mg and its role in oxidation and ignition
of Mg.

Alloy 3 (280 ppm Y): TEM analysis of the alloy (Fig. 3.5a & b) shows dislocations pile-up at the
interface of Mg-Al-Mn-Fe-Y (the chemistry identified by spot EDS analysis) that may lead
eventually to crack initiation. The TEM image (Fig. 3.6) shows the association of Mgi7Al12 with

AlIMgY precipitate. The two precipitates as well as the matrix were cut with FIB (Fig.3.6a) in order
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to examine this specific area under TEM (Fig.3.6b). The scanning transmission electron
microscopy (STEM) mapping of the precipitates (Fig.3.7) shows a polygonal (nearly square)
precipitate close to the edge of Mgi7Al12 phase where Y, Al and Mg exist. The diffraction pattern
of the phase (Fig.3.6 b) was indexed with ImageJ and CrysTBox [46] softwares that show that the
phase matches the hexagonal AIMgY precipitate [47]. The diffraction pattern also shows spot
splitting and satellite spots which can occur due to the presence of dislocations inside the

precipitate [48].

Mg-Al-Y-Mn-Fe

Mg-Al-Y-Mn-Fe

l

* Dislocations

T

Dislocations

L6 5 10 12 14 16 15 20
Energy (keV)

(a) (b)
Fig. 3.5 TEM investigation on Alloy 3 (300 ppmY) with Mg-Al-Y-Mn-Fe precipitate as per EDS

(Cu signal is coming from the holder and Cl is impurity from the sample preparation) (a) Bright
field (b) Dark field imaging.
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Fig. 3.6 (a) SEM-BSE (Alloy 3) image showing the association of AIMgY particle with
Mgi7Al12. The yellow square dot line shows the area where the TEM cross section sample was
extracted. (b) TEM bright field imaging. In red dot line is the AIMgY precipitate.

e | ey

[v]
Fig. 3.7 HAADF image with the 3 elemental maps for Mg, Al and Y.
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High resolution TEM (HRTEM) imaging was obtained at the interface of Mgi7Ali2 and AIMgY
precipitates (Fig. 3.8a). Fast Fourier Transformation (FFT) was applied to the acquired image
using the Digital Micrograph software and then by applying a mask and inverse FFT, the contrast
was enhanced making visible the details of the interface (Fig. 3.8b). The interface between the two
precipitates is semi-coherent, with misfit dislocations relaxing the interfacial strain. Some
dislocations appear inside the AIMgY phase as also observed in the diffraction pattern but none in
the Mgj7Ali2. The near-coherency of the interface strongly suggests that AIMgY phase acted as
nucleation point of the B-phase. As it is known [49] from aging precipitation sequence that
precipitates lose coherence with the matrix or the associated phases as they grow, it can be

suggested that when finer, the AIMgY could have increased coherency with the 3-phase.

L
Z AlMgY y

(b)

Fig. 3.8 (a) HRTEM of the MgAIY/Mgi7Al; interface with the corresponding FFT. The region
where further analysis was conducted appears in the red dotted square. (b) Inverse FFT imaging
of the interface. The area in the square depicts the interface and the yellow.

3.3.4.2 Thermodynamic Simulations
Thermodynamic calculations based on the CALPHAD method (FactSage with FTlite database)

[50] have been performed in equilibrium and non-equilibrium conditions (Scheil cooling) for Mg-

57



6Al binary system and Mg-6Al-xY alloys with Fe, Si and Mn impurities using the compositions
of ICP (Table 3.2), to predict the formation of second phases in the Mg matrix. Scheil cooling
assumes that no solute back diffusion occurs in the solid phase and that the local concentration of
the solid remains constant during the solidification.

The equilibrium isopleth of the Mg-6A1-(0-0.1) Y system given in Fig. 3.9 indicates that, at
room temperature, alloys 1, 2 and 3 possess a-Mg, AlisFes, Mg2Si, Mgi7Al12 and AlsMgY. The
solidification path for Alloys 1, 2 and 3 is similar with the main two differences:

1) At ~ 540 °C the AlsMns phase forms in Alloy 1 and Alloy 2 instead of the Al Y which forms in
Alloy 3 (Fig. 3.9, #12 and #7 respectively) and
2) At 525 °C where the Al3Y forms earlier in the Alloy 2 and Alloy 3 (Fig. 3.9, #14).

AlsMgY starts to form in Alloy 1, Alloy 2 and Alloy 3 as a result of the solid-state reaction
of AI3Y with a-Mg at temperatures ~ 470°C. Notably, as shown in Fig. 10, the aluminum range of
AlsMgY phase coincides with the aluminum range of Mgi7Al2 (~ 43-45 wt%). AlsMgY phase
was first detected by Zarechnyuk et al [51] as having MgZn; structure with lattice parameters of

a=0.533nm and ¢=0.857 nm.
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Fig. 3.9 Equilibrium isopleth for Mg-6Al1-(0-0.1) Y showing the solidification path for alloys 1,
2, 3 (round dot vertical lines).
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Fig. 3.10 Equilibrium phase diagram of Mg-Al-Y with 0.03wt%Y showing the aluminum range
of Al4MgY and Mgl17AI12 (~ 43-45 wt% Al).

Non—equilibrium (Scheil) calculations were also performed for different Y compositions
(Fig. 3.11) using the ICP results for Al, Fe, Mn and Si. The amount of AsMgY increases and
Mgi7Al> does not change significantly with increasing Y in the alloy (up to 300ppmY). The
Al4MgY starts to precipitate at very low Y levels (Fig. 3.11b) and for higher additions (Fig.3.
11.c&d) its mass fraction increases.

It is noted that SEM, XRD and thermodynamic simulation results indicate that the mass
fraction of Mgi7Ali2 does not change significantly but there is a trend in the area fraction (from
the SEM results). Area fraction is not always the same as volume fraction and the differences can
be accentuated by morphology. The B-phase is not a spherical phase; it has usually a long and
bulky morphology but with the trace level of yttrium addition, it assumes a mixture of long/bulky

and nodular/dispersed morphologies (Fig.3.2). The area we see in SEM images is the cross section
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of these phases; when the area fraction increases, we likely have a finer and more dispersed phase
that demonstrates increased area fraction values in 2D images. Hence, area fraction can be
associated with refinement and it is that parameter that was used in the regression analysis. The
most significant result of the thermodynamic calculations with respect to the mechanism of -
phase refinement in Alloy 1 is related to the precipitation temperatures of AlsMgY and Mgi7Al 2.
The precipitation temperatures of AlsMgY and Mgi7Al12 coincide at 438 °C for low Y levels e.g.,
Alloy 1 (Fig. 3.11b) and as Y level increases e.g., Alloy 3 (Fig. 3.11d) the AlsMgY precipitates at
higher temperatures (~500 °C) before the solid-state formation of the Mgi7Al 2 phase at 438 °C
which is the end of the solidification. The stoichiometry of the precipitate from the TEM analysis
is not the same as the one predicted from thermodynamic calculations. That could be attributed to

the metastable state of the AIMgY precipitate which may be a precursor to AlsMgY.
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Fig. 3.11 Non-equilibrium calculations with (a) OppmY, (b) 0.1ppmY, (c) SppmY, (d)

300ppmY. The wt% in the parentheses present the amount of each precipitate in the end of
solidification.

In Mg-6Al, Mgi7Ali2 phase forms through a eutectic reaction L2 a-Mg + B-Mgi7Ali2. A
similar effect was reported by Wang et al [ 10] who have observed the refinement of the f-Mgi7Ali2
phase via Sb addition through an inoculation mechanism wherein Mg>Si precipitates refined by
Sb act as nuclei for the Mgi7Al12 phase. In our work, fine AlsMgY precipitates would act as nuclei
for the Mgi7Al12 phase which precipitates. Hence, when low Y is present, the likelihood for the

nucleation of the Mgi7Al12 phase and its refinement by AlsMgY is strong. This mechanism may
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not occur when the Y level is higher where the AlsMgY may be too coarse (size of MgAlY is 3.47

um? from Table 3.6) to substantially refine the Mgi7Al,».

3.4 Conclusions

1y

2)

3)

4)

S)

6)

Low level of yttrium (Y) additions made to Mg-6Al reveals that trace level (0.2-1.5 ppm) of
Y bulk value lead to 47% refinement of the B-Mgi7Ali2 phase and a refinement in the Mg-Al-
Mn-Fe phase. The refinement is lost, and the trends reverse for higher values of bulk Y content
(100-300 ppm).

Trace level bulk Y causes increase in the area fractions of B-Mgi7Ali2 and Mg-Al-Mn-Fe
phases; the trends reverse for higher bulk Y levels.

Sixty three percent (63%) increase in tensile ductility and fourteen percent (14%) increase in
ultimate tensile strength are obtained at the trace level of Y addition. There is also more than
20% increase in compressive strain to fracture. Higher values of bulk Y content (100-300 ppm)
result in loss of the ductility and strength improvements obtained at the trace level of Y.

The grain size of a-Mg decreases in Alloy 1 but increases for higher Y additions.

A significant relationship is obtained between B-Mgi7Ali2 phase refinement and tensile
ductility yielding the equation %El = 44.38 - 2.648 Mg7Al;> Size + 0.04724 Mg;:Al;> Size’
with R(*=99.98%. Other changes in the microstructure do not show a strong relationship to
tensile ductility.

Compressive strain to fracture has strong relationships with the refinement of the f-Mgi7Ali2,
Mg-Al-Mn-Fe phases and a-Mg grain size, but it is not affected by the weight fraction of -
Mgi7Al2 phase.

XRD analysis indicated a slight increase in the lattice parameter of f-Mgi7Ali2 phase which

forms at the trace level of bulk Y. This change in lattice parameter is lost at the higher Y levels.
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7)

8)

9

TEM results show that the AIMgY precipitate has a semi-coherent interface with the Mgi7Ali2
with misfit dislocations.

Thermodynamic calculations indicate that the alloys contain a-Mg, Mgi7Al2 and AlsMgY
and Al-Mn (Si, Fe) phases.

Non-equilibrium Scheil calculations show that precipitation temperatures of AlsMgY and
Mgi7Al12 coincide at 438 °C for trace Y levels (e.g., Alloy 1) and as Y increases (e.g., Alloy
3), AlsMgY precipitates at higher temperature (~500 °C) before the solid-state formation of
the Mgi7Al12 phase at 438 °C at the end of the solidification. This strongly suggests that, at low
Y, the likelihood for the nucleation of the Mgi7Al> phase and its refinement by AlsMgY is
strong, which explains the refinement of Mgj7Ali2 in Alloy 1. At higher Y, the early
precipitation of AlsMgY phase which may have coarsened when Mgi7Ali2 forms, can account

for the loss of refinement in Alloys 2 & 3.
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CHAPTER 4

The effect of Y on the microstructure and mechanical performance
of an Mg-Al-Y casting alloy

Chapter 3 showed that trace Y additions refine the B-Mgi7Al12 phase and improve the mechanical
properties of Mg-6wt%Al based alloy. However, higher additions cause loss of the refinement
effect and causes the formation of Y-rich second phases that decrease the mechanical properties.
The current chapter focuses on higher Y additions where coarse Y-rich precipitates form.
Microstructural investigation, mechanical testing and thermodynamic simulations are conducted
to better understand the relationship between the Y-rich precipitates and the  phase. Compared to
lower levels of Y discussed in the Chapter 3, the improvement in ductility and UTS with higher Y
additions is less. Theis chapter identifies as its major contribution that ALY precipitates are in
close association with the Mgi7Al1> phase indicating their role as nucleants. It also shows that the
early formation of the Al,Y in the liquid leads to the coarsening of ALY particles, resulting in less
significant improvement in mechanical properties compared to the alloy with trace level of Y.

This chapter has been published as a journal article: Korgiopoulos, K., & Pekguleryuz, M. (2021).
The effect of Y on the microstructure and mechanical performance of an Mg-Al-Y casting

alloy. Experimental Results, 2.
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ABSTRACT

Environmental gains of electric cars can be optimized with the use of lightweight and recyclable
magnesium in the vehicle’s structural components. Ductility improvement of low-density Mg-Al
alloys will extend their use in automotive body applications. The authors achieved 63% ductility
improvement in Mg-6wt%Al with trace Y (1.5 ppm) due to the B-phase refinement and predicted
that higher levels would not perform as well. As predicted, 0.3wt% of Y addition investigated in
this study led to lower mechanical performance and -phase refinement than those obtained with
trace additions. The tensile ductility and yield strength increased by ~13% and 16%, respectively,
and the compression strain to fracture by ~22%. Scanning electron and optical microscopy, X-
Rays diffraction, mechanical testing and thermodynamic calculations were used to investigate the
effect of 0.3wt% Y on the microstructure of Mg-6wt%Al. The matrix dissolution revealed the

close association of the Al,Y and the B-Mg;7Ali2 phases.

Keywords: Magnesium; Mg-Al alloys; Matrix extraction; Tensile ductility; Compressive strain
4.1 Introduction

Future autonomous cars will rely on computer systems, sensors, and satellite navigation which
require extensive electronics that increase the vehicle’s weight [1]. Due to their high strength-to-
weight-ratio, magnesium (Mg) structural alloys are a viable solution for vehicle-weight reduction
in future cars. Mg-6wt%Al (Mg-6Al) casting alloys demonstrate the optimum level of strength
and ductility for most automotive applications but further increase in their ductility will lead to
their extended use in crashworthy car-body components [2]. The Mgi7Ali> precipitate, the main

second phase, improves strength but reduces ductility [2,3].
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Studies have shown that yttrium (Y) additions can improve the ductility of Mg-Al alloys [4,5].
When Y is in the solid solution of a-Mg then it can improve its mechanical properties via: (1)
decrease of the Stacking Fault Energy (SFE) activating the pyramidal <c+a> disclocations [6] or
(2) forming long period stacking ordered (LPSO) phases when a transition metal is present [7].
However, with Al present, the solubility of rare earths in a-Mg is nil, instead brittle precipitates
[8—10] form. Researchers have observed that the modification of f-Mgi7Al2 in Mg-Al-Y alloys is
responsible for improved mechanical properties [11-14]. Previous work [15] by the authors has
shown that the refinement of f-Mgi7Al2 improves the ductility of Mg-6Al cast alloys at trace Y
additions. This has been attributed to co-precipitation (at close temperatures) of the Al4sMgY phase
with the Mgi7A12 phase. Thermodynamics also predicted that the formation temperatures of the
two phases deviate at higher Y levels leading to a loss in nucleant effectiveness.

4.2 Objective

The current work investigates the effect of Y additions (0.3 wt%) to see if B-phase refinement and
ductility improvement seen in trace levels of Y are also observed at higher Y levels and to elucidate
the role of Y on the mechanical properties of Mg-6Al based alloys.

4.3 Methods

Mg-6Al1-0.3Y (in wt%) alloy was synthesized using commercial purity (99.98%) Mg, 99.9% pure
Al granules and 99.9% pure Y rods. The total mass of the alloying additions was 617 gr using 95%
recovery factor for Al and 60% for Y. The alloying additions were made at 720 °C in a graphite
crucible under CO»/SFs protective atmosphere. A graphite crucible was used because it is
affordable, and it does not react with magnesium. The cleaning after casting is efficient and leaves
no residuals that could possibly contaminate the subsequent castings. The molten alloy was then

poured under protective atmosphere into a preheated (400°C) steel mold to produce a flat plate.
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The actual composition (in wt%) of the alloy according to inductively coupled plasma atomic-
emission spectroscopy is: 6.26% Al 0.29% Y, 0.02% impurities (Fe, Mn) with Mg as balance. A
scanning electron microscope (SEM-Hitachi SU3500) with an energy dispersive X-ray
spectroscopy (EDS) detector was used for microstructural investigation. The grain size of a-Mg
was measured with the intercept method using a Nikon-Epiphot 200 optical microscope after
etching the samples with 4.2 gr picric acid, 10ml acetic acid, 10 ml distilled water and 70ml
ethanol. The ImageJ software [16]was used to measure the precipitates and the grain size. The
crystallographic information was obtained by XRD (Bruker D8 Discovery X-Ray
Diffractometer-Cu source) in the bulk sample and after matrix extraction by using 5% acetic
acid. The mechanical properties were evaluated by tensile and compression testing (MTS 810)
at room temperature with a strain rate of 0.001s™'. Thermodynamic calculations (FactSage with
FTlite database) [17] based on the CALPHAD method have been performed in equilibrium and

non-equilibrium conditions (Scheil cooling).

4.4 Results and Discussion

Mg-6Al1-0.3Y alloy consists of partially divorced B-Mgi7Al, interdendritic Y-enriched
precipitates and the Al enriched a-Mg phase as determined by EDS (Fig.4.1). Y is detected in Mg-
Al-Y and Mg-Al-Mn-Fe-Y precipitates. Both precipitates are closely associated with Mgi7Al2
suggesting that they act as nucleation sites. The Y-enriched precipitates range from fine to coarse
and present in three different morphologies, namely, spherical, square and plate-like, with the
expectation that only the finer precipitates can act as refiners for the f§ phase. Table 4.1 shows the
composition of the B-phase and ALY as per the EDS analysis. No Y was detected in the a-Mg
solid solution. There is close association (Figs 4.1 & 4.2) of the ALY precipitates with the

Mgi7Al2. Similar association has been observed before by the authors [15] in Mg-6%Al based
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alloys for lower Y additions. XRD detects (Fig. 4.3a) Mg-Al solid solution and -Mgi7Ali2 peaks
in the bulk alloy. After the matrix extraction (Fig.4.3b), the matrix disappears and the peaks for
ALY and Mgi7Al12 become stronger. The peak intensity of spectra b is lower due to the low amount

and small size (average size ~10-50 microns) of the extracted precipitates.

Mg-Al-Y-Mn-Fe

§ &ALY . : ‘
: . = Mg-Al-Y-Mn-Fe

a-Mg

Fig. 4.1 SEM/BSE as-cast microstructure of Mg-6Al1-0.3Y and EDS maps. The red square shows
the close associations of Y enriched precipitates with Mgi7Ali.

Fig. 4.2 Mg-Al-0.3Y alloy after matrix extraction. The red circles show the ALY associated with
the Mgi7Al12 phase.
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Fig. 4.3 XRD results (a) Bulk alloy, (b) after matrix extraction.

Table 4.1 EDS on the precipitates after matrix extraction.

Precipitate Mg (at%) Al (at%) Y (at%)
Mgi7Ali2 57.240.4 42.8+0.4 -
ALY 2.3+1.2 61.5£1.9 36.2+0.7

The Mgi7Al12 (Table 4.2) in Mg-6A1-0.3Y is 25% finer than that in the binary Mg-6Al, but
41% coarser than the alloy with trace Y amount. Additionally, high Y addition forms even coarser

(~87 um?) Mg-Al-Mn-Fe-(Y) and Mg-Al-Y precipitates. The grain size of the cast Mg-6A1-0.3Y
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is also higher than the alloy with trace Y level as has been observed and attributed to the coarsening
of the Al,Y phase [18-20].

Table 4.2 Precipitates size and a-Mg grain size as measured with Imagel.

Alloys Mg, .Al,, Mg-Al-Mn-Fe-(Y) Mg-Al-Y o -Mg Grain Reference
Size (um’) Size (um’)" Size (um’)  Size (um)
Mg-6Al 32+15 1.56+0.06 - 96+13 [6]
Mg-6Al with 17+5 1.41+£0.20 - 85+15 [6]
trace Y
Mg-6A1-0.3Y 24+6 743 14+10 105£17 Current work

*Only precipitates in Mg-6A1-0.3Y alloy contain Y
Mg-6Al1-0.3Y has the highest tensile yield strength (YS) of the three alloys (Table 4.3).

Compared to the Mg-Al with trace Y, the tensile ductility (% El), ultimate tensile strength (UTS),
and the compressive strength are lower (Tables 4.3 & 4.4). According to thermodynamic
simulations conducted by the authors (Table 4.5), the solubility of Y in Mg-Al-Y is practically nil.
Instead, Y forms precipitates (ordered intermetallics) with Al such as AlsMgY, Al3Y and AlLY. In

Mg-Al-0.3Y, ALY forms earlier (at higher temperature) than the B-phase (Table 4.5) and has time

to coarsen losing its effectiveness as a nucleant of the 3-phase and embrittling the alloy.
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Table 4.3 Tensile properties of as cast samples at room temperature.

Alloy UTS(MPa) YS(MPa) El(%) Reference
Mg-6Al 206+ 5 74+ 6 8+2 [15]
Mg-6Al with trace Y 235+ 13 72 + 11 13+£3 [15]
Mg-6Al1-0.3Y 209 £ 17 86+ 10 9+2 Current work

Table 4.4 Compression properties of as cast samples at room temperature.

Alloy CS(MPa) CYS(MPa) Strain(%) Reference
Mg-6Al 276 + 8 105+8 23+1 [15]
Mg-6Al with trace Y 271+£3 97+5 28 £2 [15]
Mg-6Al1-0.3Y 25846 69+6 2842 Current
work
Table 4.5 Equilibrium and non-equilibrium (Scheil) thermodynamic calculations.
Scheil-
Equilibrium Scheil-
Scheil - Y Formation
-'Y solubility Y enriched Formation
Alloy(wt%) solubility in temperature
in a-Mg phases temperature
a-Mg (wt%) of Y enriched
(wt%) of Mgi17Al12
precipitates
Mg-0.01 Y 0.01 0.01 Yi0MgosMgo4 - -
Mg-0.3Y 0.03 0.29 Y10MgosMgo4 - -
Mg-6Al1-0.01Y 5.51E-21 0.00007 AlsMgY 439 °C 460 °C
555°C
ALY/AlY
' (AlzY), 610°C
Mg-6A1-0.3Y 5.51E-21 0.0027 (Scheil), 439 °C
(ALY), 510°C
AlMgY

(ALMgY)
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4.5 Conclusions

The addition of 0.3 wt% Y improves the tensile properties and the strain to fracture in compression
of the binary cast alloys Mg-6 wt%Al. The improvement in ductility and UTS is not as significant
as lower (trace level) Y additions. ALY precipitates (determined via XRD and SEM/EDS) are in
close association with the Mgi7Ali2 phase indicating their role as nucleants but the early formation
of the ALY in the liquid in Mg-Al-0.3Y leads to its coarsening, resulting in some loss in

mechanical properties compared to the alloy with the trace level of Y.
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CHAPTER 5

Mg17Al12 intermetallic modified with Yttrium additions

The previous chapters presented the role of Y on the modification of B-Mgi7Al» intermetallic and
the resulting effect on the mechanical properties on Mg-6wt%Al based alloy. The research
question here is whether the improvement in mechanical properties with Y additions is due to the
morphological refinement of the Mgi7Ali2 phase in the alloy or to any change in its intrinsic
properties. Little is known on the intrinsic properties of Mgi7Al 2 intermetallic and their possible
modification with alloying additions. The current chapter presents a study of the effect of Y on the
mechanical properties, microstructure, and crystal structure of Mgi7Al>. Experimental techniques
including a diffusion couple study of Y/Mgi7Ali2, characterization methods including XRD and
ultrasonic measurements for determining the elastic modulus, and thermodynamic simulations

were employed to understand the role of Y in the modification of Mgi7Al2.
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ABSTRACT

Mgi7Al2 is the principal intermetallic second phase in the Mg-Al based alloys (AM series) that
significantly affects their mechanical performance. Modification of this intermetallic has been
possible with rare earth elements, resulting in mechanical performance improvement of the AM
alloys. The modification of the intermetallic has been studied with respect to alteration of the
morphology, but little is known about the effect of alloying elements on the intrinsic properties of
Mgi7Ali2 which has a complex crystal structure. In previous studies on first principle simulations
of the phase, the effect of alloying additions was not well-investigated. The current experimental
study investigates the effect of low and high Yttrium (Y) additions on the mechanical properties,
microstructure, and crystal structure of Mgi7Ali2. Scanning electron microscopy, electron probe
microanalysis, X-rays diffraction, ultrasonic and mechanical testing along with thermodynamic
calculations are employed to better understand the role of Y in the modification of Mgi7Al2. Low
Y additions decrease the lattice constant of § phase, but higher amounts present an opposite trend.
According to the elastic moduli calculations Mgi17Al:2 is a ductile phase although Y slightly makes

it more brittle. The Young’s, shear, and bulk moduli increase with Y additions.

Keywords: Mgi7Al12, Intermetallic, magnesium-aluminum alloys, microhardness, elastic
modulus

5.1 Introduction

Mgi17Al12 (also known as the B phase) is the main second phase in cast Mg-Al based alloys that
determines the mechanical properties [1-3]. The B phase is a complex non-stoichiometric
compound with cubic crystal structure isomorphous with a-Mn (cI58) that contains 34 Mg and 24

Al atoms [4-7]. According to first-principle calculations and based on the elastic constants,
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Mgi7Al12 is considered to be a stiff and brittle intermetallic [7-9]. The type of bonding between
the different atoms is ionic (Mg-Al), covalent (Al-Al) and metallic (Mg-Mg) [10]. The covalent
and 1onic bonds are responsible for the brittle nature of § phase [9,10].

The Mgi7Al> intermetallic belongs to a class of intermetallics that are also termed as
complex metallic alloys (CMAs); they are characterized by three particularities [11,12]: (1) giant
unit cells with up to several thousands of atoms, (2) clustering of atoms in the unit cell, and (3)
inherent disorder which may be configurational (different orientation of subclusters) and chemical
(substitutional, partial or fractional occupancy). Mgi7Ali2 as an intermetallic may have a band gap
leading to insulating (or only semi-conducting) properties; however, Mgi7Al,» is reported to have
a 0 eV band gap [13,14] which speaks to its metallic nature. Mgi7Al;2 is off-stoichiometric at high
temperatures and exists in a composition range where chemical disorder (anti-site clusters,
unoccupied sites) can exist. At low temperatures it is a line compound (stoichiometric) where it is
free from chemical disorder with all sites occupied. Vrtnik et al. [12] have found that the
stabilization process (decreasing the kinetic energy of the free electrons) in the P-phase is the
Hume-Rothery stabilization mechanism; this is based on the occurrence of a steep pseudogap at
the Fermi level at a specific electron-to-atom ratio (e/a) due to Fermi surface-Brillouin zone
interactions to assign the electrons to lower levels in the density of states (DOS). It has been also
determined via first principles calculations that the pseudo gap in the B-phase is 1-2 eV and occurs
at an e/a of 2.38 which is close to the e/a=2.41 of the phase calculated at its stoichiometric
composition. While the stabilization at absolute zero and low temperatures is due to Hume-Rothery
e/a mechanism, at higher temperatures where the B-phase is off-stochiometric and exists over a

wide composition range, it is disordered.
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Previous research has also shown that Mgi7Ali2 exhibits plasticity at high temperatures
unlike its behavior at room temperature due to dislocations climb as a result of vacancy diffusion
[15]; this may be due to the activation of slip modes at high temperatures in ionic bonding. It is
also reported that dislocations pile up or form networks inside Mgi7Ali2 [16]. More recently Vaid
et al. [17] have made atomistic simulations of basal-dislocation interactions with the B-phase and
suggested that the dislocations pass the Mgi7Ali2 phase without shearing the precipitate or

presenting any Orowan loop around it.

00606

(b)

Fig. 5.1 (a) Crystal structure of Mgi7Al12, (b) Substitution example of Mg(I) atoms with La and
Al atoms with Zn according to reference [10].

Alloying can change the characteristics of this intermetallic phase by substituting the Mg
and/or Al atoms in the crystal structure of the Mgi7Ali2; substitution can distort the lattice and
change the lattice parameter [18,19]. The lattice parameter of the unit cell of the Mgi7Al:2 at its
stoichiometric composition is 10.5492 A [20] but it has been observed that in various Mg alloys
lattice parameter ranges from 10.50 A to 10.69 A [21]. The substitutional element will occupy

positions that will minimize the energy. Mgi7Ali2 has three different positions for Mg atoms
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namely Mg(I), Mg(II), Mg(Ill) and one position for Al [7,22]. Alloying additions Ca, Zr, La
substitute the Mg(I) atoms, while the Al atoms are substituted by Zn and Cu (Fig. 5.1) [10].

The site substitution can alter the mechanical properties of the intermetallics [10]. It is shown
that the ratio of bulk modulus (B) over shear modulus (G) determines the failure mode of
intermetallics; ductile (B/G>1.75) or brittle (B/G<1.75) [7-10,23]. Alloying additions such as Ca,
Ni, Cu, Zn, Zr and La make Mg;7Al;> more brittle due to B/G<1.75. However, Ca and La increase
both the bulk and shear modulus [10]. In the case of Y additions, this is not known. Previous
research from the authors [18,24] has shown that trace additions of Y and Er in cast Mg-6wt%Al
alloy distorted the crystal structure and refined the B-Mgi7Ali2 improving the mechanical
properties of the alloy. According to other reports, yttrium (Y) refines the Mgi7Al2 precipitates in
Mg alloys improving their mechanical properties and corrosion resistance [25-28].

In the present study, only the Mgi7A 1l intermetallic is cast with different Y levels. The
intermetallics are investigated via Scanning Electron Microscopy (SEM), Electron probe
microanalysis (EPMA), X-rays diffraction (XRD), mechanical testing (microhardness, ultrasonic)
and thermodynamic calculations. A diffusion couple between Mgi7Ali2 and pure Y is also studied
to understand the effect of Y on the intermetallic.

5.2 Material and Methods

5.2.1 Synthesis

Three Mgi7Ali2+x (x=0, 0.03, 0.5 wt%Y) intermetallics (Table 5.1) were synthesized using
commercial purity (99.98%) Mg ingot (Magnesium Electron), 99.9% pure Al granules (Alfa
Aesar) and 99.9% pure Y rods (Hefa Rare Earth Canada). These Y levels were considered
according to the experimental results of our previous work in [24]. The one Y level is below the

solubility limit but close to it and the other level is well above the solubility limit. Pure Mg was

85



heated to 680 °C inside a graphite crucible in a Norax Canada Induction Furnace under a protective
atmosphere of CO2/SF¢ gas (0.553% SFs and balanced CO»); the alloying elements were added at
680 °C and held for 15 minutes at temperature. The alloy with 0.5wt% Y was held at 700°C for
longer time to ensure that yttrium was completely dissolved. The molten alloy was stirred and
skimmed before casting in a permanent mold. The alloys were then poured in a preheated (400 °C)
steel mold to produce flat plates of 6mm thickness; protective atmosphere of CO2/SF¢ gas was
used during the casting. The actual chemical composition (Table 5.1) was determined by

Inductively coupled plasma atomic-emission spectroscopy (ICP-AES).

Table 5.1 Compositions of the Intermetallics (ICP).

Intermetallic” Sample designation Mg Al Y
(Wt%) (wt%) (ppm)
Mgi7Al B 55.07 44.89 ;
Mg17Al12+300 ppm Y B3ooy 54.34 45.59 260
Mg17Al12+5000 ppm Y Bsoooy 53.07 45.81 5000

"0.043 wt% impurities

5.2.2 Thermodynamic calculations

FactSage thermodynamic calculations software based on the CALPHAD method was used [29] to
predict phase formation in the alloys. A three-component system composed of Al-Mg-Y was
calculated considering the FTlite data base. Pseudo-binary phase diagrams were plotted

considering equilibrium conditions.
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5.2.3 Characterization

Specimens for microstructural and microhardness analysis were prepared by manual grinding
using a series of SiC papers and then polishing with colloidal silica. The microstructure was
investigated using a Hitachi SU3500 scanning electron microscope (SEM) with an energy
dispersive X-ray spectroscopy (EDS) detector. Further analysis was conducted by wavelength-
dispersive spectroscopy (WDS) using a CAMECA SX 100 FiveFe electron probe micro-analyzer
(EPMA) after calibration with standard samples.

A Bruker D8 Discovery X-Ray Diffractometer (Cu source — A=1.5406 A, 300 sec/frame
for 4 frames in total) was used to determine the crystallographic information of the
intermettallics after Rietveld refinement with the GSAS II software [30]. The bulk samples were
filed to create powder which was stressed annealed at 160 °C for 1 hour under Ar protective

atmosphere.

5.2.4 Mechanical Properties

A Clark CM-100AT micro hardness tester equipped with CLEMEX CMT software was used to
evaluate the hardness of the polished samples after 6 repetitions with 50 gf load. To evaluate the
moduli of the synthesized intermetallics, nine position ultrasonic velocity measurements per
sample were conducted. The longitudinal (V1) and shear velocity (Vs) were measured using a
longitudinal and shear transducer, respectively. The time of flight was obtained by measuring the
time difference between the second and first echo. The density (p) was measured with Archimedes
method conducting 3 repetitions in each sample. The average Young’s modulus, Poissons ratio,
bulk modulus and shear modulus were calculated by equations 1 to 4 respectively [31,32].

2,2
Elastic modulus E =pVZ % (eq.1)
L ~VS
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_ 2
_1-2r/VL) (eq.2)

Poissons rati
oissons ratio PRy

E

Bulk modulus B= Tz (eq.3)

Shear modulus G=st2 (eq.4)

5.2.5 Diffusion Couple

A diffusion couple has been prepared to investigate diffusion of Y in Mgi7Alix. Both the
intermetallic (with no Y addition) and pure Y were cut to cylinders 1 cm diameter and 50 mm in
height. Cylinders were grinded, polished and pressed together by a spring supported mechanism
to conserve pressure throughout the experiment. The sample was placed in an electric furnace
inside a quartz tube maintaining 10~ Pa pressure, held at 450 °C for 2 hrs and then cooled to room
temperature inside the quartz tube and under vacuum. The sample and studied by OM and SEM
(FEI Quanta450). Local chemical compositions were studied by EDS (Bruker XFlash 610).

5.3 Results

5.3.1 Thermodynamic Calculations

Mg-Al-Y pseudo-binary equilibrium phase diagrams were calculated to investigate crystallization
sequence in Mgi7Ali2 intermetallics containing 300 and 5000 ppm Y (Fig. 5.2a & b). In both Y
concentrations Mgi7Al12 forms at a range between ~43-46 wt% Al as a non-stoichiometric
intermetallic. When Y is present in the system, other than the beta phase, the equilibrium AlsMgY
intermetallic forms at the same Al composition. This precipitate was experimentally observed for
the first time by Zarechnyuk et al. [33]; it has the MgZn, crystal structure with lattice parameters
of a=5.33 A and c¢= 8.57 A. The phase diagrams of Fig. 5.2 indicate that presence of 5000 ppm Y
in the system changes the crystallization sequence in the two alloys. The main difference between

the low and high Y levels are in the solidification path of the Mgi7Ali> intermetallic. This
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difference gives more time for coarsening of AlsMgY. For 300 ppm Y the solidification path

(Fig.5.3) is:

Liquid>Mgi7Ali2 + Liquid> AlsMgY + Mgi7Alz + Liquid> AlsMgY + Mgi7Al.

However, at 5000ppmY the AlsMgY phase forms earlier in the liquid state (Fig.5.3):

Liquid> AlsMgY + Liquid>AlsMgY + Mgi7Al12 + Liquid 2 AlsMgY + Mgi7Al.

Mg=59.97% Mg=39.97% Mg=59.5% Mg=39.5%
Al=40% Al=60% Al=40% Al=60%
Y=0.03% Y=0.03% Y=0.5% Y=0.5%
h +300 PPM Y ’ +5000 PPM Y '
600 . : . . - 600 b . . - . . . —
Liquid
a Liquid
500 -Tgl.m,: + Liquid| 500 -,\I}ng + MgysAl + Liquid Al,MgY + Liquid
— L
- 1 +AlMg,| o AL, +AlMg,
% 400 | | ALMgY +MgAly; + Liquid %Y 4 % 400 | +ALMeY
E M E
g7Al + ) Mg,,Al), +
E‘. Al;Mgy; + E‘_ AlMgY Ml Al;Mg,; +
2 300 Al Mgl + Mg,;Al,, Al MgY g2 300 | Al MgY
< - 'l =
= = - =
B =
B §
200 g 200 g
3 a-Mg + E
E Mg Al + AlsMg, + Al MgY AL MgY + g Mg,-Al,; + Al;Mg, + Al,MgY
5 Mg,-Al}, 5
100 e A . PO A S 4 . . , , , ,
40 42 44 46 48 S50 52 54 58 60 40 42 44 46 48 50 52 54 56 58 60
Al (Wt%) LGactsy Al (Wt%) LGactia

Fig. 5.2 Mg-Al-Y Pseudo Binary Equilibrium phase diagrams, containing (a) 300 ppm and (b)

5000 ppm Y.
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Fig. 5.3 Schematic drawing indicating the crystallization difference of the two intermetallic
containing 300 and 5000 ppm Y.
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5.3.2 Microstructural Investigation

As-cast Intermetallics

The backscattered electron (BSE/SEM) microstructures of the three intermetallics are shown in
Fig. 5.4. Samples B and B3ooy (Fig. 5.4 a&b) consist mainly of a Mg-Al phase (dark contrast). Fe
enriched rod-like impurities (bright contrast) are also observed due to Fe diffusion from the raw
materials. A small amount of Y was observed in some Fe-rich impurities in B3ooy as per the EDS
analysis. The microstructure of Bsoooy (Fig. 5.4¢) consists mainly of the Mg-Al phase and cuboidal
precipitates that contain Al, Mg and Y (Fig.5.5). The amount of Y in the matrix and in the Y-rich
precipitates was determined by WDS (Table 5.2). It is found that Y goes into solid solution in the
Mgi7Ali2 phase of the B3ooy but the max solubility is at ~330 ppm above which it starts to
precipitate as Y-rich phase as seen in Bsoooy. The WDS of Bsoooy (Fig.5.5a) shows that the cuboidal
precipitates have a stoichiometry close to AlaMgY (Table 5.3); this phase is also predicted by the

thermodynamic calculations.

Mg,,Al,, ; Mg,,Al,,
matrix ; T
4
Al-Mg-Fe
Impurities Al-Mg-Fe-Y
Impurities

Fig. 5.4 BSE/SEM microstructures of the studied intermetallics (a) B, (b) B3ooy and (¢) Psoooy.
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Fig. 5.5 Microstructure of the Bsoooy (a) BSE image and (b) EDS mapping of the respective
region of a.

Table 5.2 EPMA/WDS chemical analysis of the matrix (solid solution).

Sample Mg (wt%) Al (wt%) Y (ppm) Mg (at%) Al (at%) Y (at%)

44.75+0.5

B 54.44+0.53 g - 57.45+0.53  42.55+0.53 -
44.42+0.6

B3ooy 51.12+0.43 9 259+73 56.09+£0.58  43.90+0.58 0.008+0.002
45.90+0.1

Bsoooy 53.68+0.26 . 333+81 56.49+0.20  43.50+0.20 0.010+0.002

Detection limits: 80 ppm for Bsoooy and 150 ppm for Bsooy (Table 2) because EDS cannot detect
ppm levels (0.1wt% detection limit).

Table 5.3 EPMA/WDS chemical analysis of the Y enriched precipitates in Bsoooy.

Mg Al Y AU/Mg  AY  Mg/Y

19.70 65.84 14.46 3.34 4.56 1.36

Cuboidal precipitate in Bsoooy
+0.78 +0.34 +0.71 +0.14 +0.24 +0.12
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Diffusion Couple

The diffusion couple was created to investigate Y diffusion into the intermetallic and the phases

that form between intermetallic Mgi7Al2 and Y metal. Fig 5.6. shows the equilibrium isotherms

of Mg-Al-Y at 450 °C and 25 °C with the terminal compositions shown in dashed line. The

diffusion couple was not quenched from 450 °C, but it was slow cooled to room temperature, so

the phases that exist in the diffusion couple sample can be predicted with the isotherm at 25 °C.

SEM/EDS analysis (Fig. 5.7) shows the Y-Al-Mg precipitates that exist at the interface of

the diffusion couple. EDS mapping confirms, interestingly, that Y diffuses to the Mgi7Al12 side

and Al diffuses towards Y side (Fig. 5.7d). The phase that is seen in at the interface is AlY> (Fig.

5.8). Based on the analysis and isotherm at 450 °C, it can be suggested the diffusion path is Y—>

AlY>>Mgi7Al2 as shown with the solid line (1-2-3) in Fig. 5.6.a.
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Fig. 5.6 Mg-Al-Y isotherm at (a) 450 °C and (b) at 25 °C with the terminal compositions shown
with the dashed line. The diffusion path is shown with the solid line 1-2-3.

Mg,,Al, Mg,;Al,
matrix Y-Al-Mg matrix

Fig. 5.7 Interface of the Mgi7Al2/Y diffusion couple. (a-c) BSE micrographs at consecutive
magnifications of squared and labeled regions, (d) EDS elements distribution map of c.
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Fig. 5.8 (a) Profile of Mg, Al and Y distribution at the interface of Mgi7Al2/Y, (b) EDS of Y

rich precipitates on the Mgi7Al12/Y interface.

5.3.3 Crystal structure

The XRD (Fig.5.9) mostly detects the Mgi7Al12 phase in all three (B, Bsooy and Bsoooy) samples

due to the low amounts of other possible phases. However, a small peak of Al4sMgY appears in the

Bsoooy which is not strong due to the low volume fraction of this phase. The lattice parameter of the

Mgi17Al12 phase was determined using the strongest peak at high angles (20 between 64-66°) to

reduce the error of the calculated lattice parameter. The lattice parameter a (Table 5.4) decreases

in B300y and then it increases in Bsoooy; consequently, the cell volume follows the same trend.
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Fig. 5.9 XRD patterns of the three samples.

Table 5.4 Lattice parameter as per XRD results.

Intermetallic @ parameter (A) (el Volume ( A3)

B 10.5431+0.0011 1171.94
B3ooy 10.5426+0.0009 1171.77
Bso000y 10.5437+0.0010 1172.14

5.3.4 Mechanical Properties

Table 5.5 presents the properties experimentally obtained of average elastic moduli, the
microhardness and density of the three samples, as well as the theoretical elastic moduli values of
Mgi7Al12 from first principle simulations. The experimental results indicate the Young’s (E), shear

(G) and bulk (B) moduli increase for both 300y and PBsoooy. The microhardness decreases for B30y

but it increases for Bsoooy.
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Table 5.5 Microhardness and measured moduli values of the three intermetallic samples.

. E G B Microhardness Density
Intermetallic (GPa) (GPa) (GPa) B/G (HY) (g/cm?)
52.16 19.64 43.46
-Mg, Al
B-Mg, Al , 1306 1145 15 55 0.3 2.21 24942 2.11+0.01
Calculated 55.3 21.3 45.15-  0.23 148 2.085[20]
[7-10,34,35] -79.62 -32.49 4830  -0.3 -2.20 '
B3ooy iggé i(l)é? 1431(1)2 030 2.17 246+3 2.10+0.01
Bsoooy iggi ﬂ% iggz 030 2.18 25345 2.13+0.01

5.4 Discussion

The main research question in this study was if Y addition influences the characteristics of the

Mgi7Al2 (B), the second phase with significant effect on the mechanical properties of Mg-Al

based alloys. Various effects of solute Y atoms were seen on the § phase.

Solubility of Y in Mg;;Al1> and Phase formation

Thermodynamic simulations show almost zero solubility of Y in Mgi7Ali2. Microstructural

investigation of Bsoooy in this study showed that B-phase has solubility for Y and that the maximum

level is ~330ppm as per WDS. Above the solubility limit, coarse cuboidal precipitates of AlsMgY

form that coexist with the Mg-Al phase. Thermodynamic calculations show that Mgi7Ali> coexists

with the AlsMgY phase in both Mgi7Ali2 + 300 ppm Y and Mgi7Ali2 + 5000 ppm Y. The actual

Y level in Mgi7Ali2 in the B3ooy sample was 259 ppm which is below the experimental maximum

solubility determined in this study.

Lattice Parameters

Size Effect: This study observed that yttrium as solute changed the lattice parameter, a, of the -
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phase (Table 5.4). The change in lattice parameters can be due to size difference that the solute
has with respect to the host metal as determined by Vegard’s law [36]. Table 5.6 lists the metallic
and covalent radii and the valency of Mg, Al and Y. The radius of Y (metallic or covalent) is larger
than the radii of Mg and Al. Therefore, the lattice parameter would increase as the larger Y
substitutes either Al or Mg sites. Additionally, first principle simulations [10] show that if a
trivalent rare earth atom (e.g. La) with larger atomic radius than Mg and Al is added to Mgi7Ali2,
an increase in the La-Mg and La-Al bond lengths will occur.

Table 5.6 Radii and Valence of Elements [37]

Element Metallic radius, pm Covalent radius (single bond), Valency
pm
Mg 160 136 +2
Al 143 125 +3
Y 181 162 +3

In this study, a different trend is seen, the lattice parameter a first decreases and then
increases with increasing Y dissolved in the B-phase (Fig. 5.10, Table 5.7). The effect is not
isolated; the increase in Y is accompanied by an increase in the Al content suggesting that the Y
possibly substitutes the Mg sites. This is supported by the fact that the e/a calculated using our
WDS results increases with Y compared to the -phase with no Y (Table 5.7).

Table 5.7 Lattice parameter as per XRD results and calculated e/a ratio.

Intermetallic « parameter (A) Cell Volume e/a
3 Al (at%) Y (at%)
A)
B 10.5431+0.0011 1171.94 42.554+0.53 - 2.426+0.037
B3ooy 10.5426+0.0009 1171.77 43.90+0.58 0.008+0.002 2.439+0.041
Bsoooy 10.5437+0.0010 1172.14 43.50+0.20 0.010+0.002 2.435+0.014
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Fig. 5.10 Effect of (a) yttrium and (b) aluminum on the lattice parameter and e/a of the 3-phase.
However, there are other underlying trends: sample Bsoooy has higher Y but lower Al than
sample B300y which also has higher e/a suggesting that Y here may be substituting Al sites as well.
This also agrees with the diffusion couple results where Y diffuses into Mgi7Ali2 and Al diffuse
to Y. The reversal in dependence of the lattice parameter on Y and Al occurs at ~0.005at% Y and
~43.1 at% Al. The increase in lattice parameter above 0.005 at % Y can be explained by the size
effect. However, the initial decrease in lattice parameter with increasing Y and with increasing Al
cannot be explained on the basis of the metallic radii. A possible explanation can be sought in the
fact that Y at low levels can form covalent bonds, yet the covalent radius of Y is similar to the
metallic radius of Mg and larger than the covalent and metallic radii of Al and Mg indicating that
the size effect does not offer a plausible explanation for the initial lattice contraction. The effect
can be attributed to the inherent chemical disorder of the B-phase that exists at off-stoichiometric
compositions and that consists of partial and fractional site occupancy [12]. Shin et al [38]
performed first principles calculations and found that the thermodynamic stabilization at off-
stoichiometry is complicated in the B-phase; they found that simple native point defects do not

account for stabilization which can only be attributed to the formation of complicated defect
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mechanisms such as multi-defect clustering. The present study also concurs that the effect of Y on
the lattice parameter is not likely due to simple site substitution.

Electron-to-Atom Ratio (e/a): In solid solution metallic alloys, e/a governs the lattice parameters

by Brillouin zone overlap. When a sufficient amount of higher valency element is added to a crystal
structure, e/a increases and more electrons overlap from the first Brillouin zone [36] to the second
zone. The electrons are over a plane of energy discontinuity in the reciprocal space distorting the
Brillouin zone [39]. The contraction of the Brillouin zone in the reciprocal space means the
expansion of the lattice parameter in the real space. The effect may be masked initially by size
effects, however, the usual behavior of increase of lattice parameter with increasing e/a is not seen
here, with the addition of +3 valency yttrium to the B-phase (Fig. 5.10.a). There is correlation of

the increase in e/a with the increase in Al (Fig. 5.10.b).

10.5445
y =-26.768x*>+ 130.19x - 147.75
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— 10.544 e
5
£ [ ]
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a- .
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Fig. 5.11 Correlation between the lattice parameter and e/a of the B-phase.

A correlation with e/a and the lattice parameter, a, that shows an initial increase with e/a but then

a decrease (Fig. 5.11) is not aligned by the usual effect of e/a on the lattice constant in metallic
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solid solution alloys. Vrtk et al.[12] have determined that the Hume-Rothery stabilization with
the formation of a pseudo gap occurs in [ at the stoichiometric composition with a lattice parameter
a of 10.5492 A and at an e/a of 2.41. The B-phase with and without Y studied in this work is off-
stoichiometric and its e/a ratio also implies that its thermodynamic stabilization is not through
Hume-Rothery stabilization but through defect structure mechanisms.

Mechanical Properties

Elastic Moduli: It is seen that the elastic moduli of the B-phase increase with Y. This can be

attributed partly to the increase in the cohesive energy of the f—phase. Ca addition in Mg;7Al2 has
been reported to increase the cohesive energy of the intermetallic [19]. On the other hand, the steep
increase seen in Psoooy has a contribution from the presence of AlsMgY precipitates in the matrix
of Mgi17Al12 via the inverse rule of mixtures.

Microhardness: Microhardness decreases initially and then increases slightly for the Bsoooy. The
increase in the latter is likely due to AlsMgY. Previous research has similarly shown that the
addition of Er in Mgi7Ali2 intermetallic has improved its microhardness due to the uniform
distribution of ALEr precipitates [40]. The initial decrease in hardness in B30y can be related to
the increase in Al; Al increases the e/a ratio and the deviation from stoichiometry at e/a of 2.41
suggesting an increase in disorder.

Ductility: According to the experimental B/G criterion, the Mgi7Al2 can be characterized as a
ductile intermetallic (B/G>1.75) that agrees with previous first principle simulations [34,35].

However, the Y addition seems to slightly weaken its ductility as it reduces the B/G ratio.
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5.5 Conclusions

1.

Thermodynamic calculations show that the main difference on the solidification path between
B30 and Psooo 1s that at 5000ppmY the AlsMgY phase forms earlier in the liquid state. The
AlsMgY phase coexists with the Mgi7Ali12 microconstituent after the solidification.

The maximum solubility of Y inside the Mgi7Ali2 solid solution is at ~330ppm where the
AlsssMgi136Y forms with excess amount according to EPMA/WDS.

The diffusion couple experiments show that Y diffuses inside the B intermetallic and AlY>
precipitates form at the Mg 7Ali2 /pure Y interface.

According to XRD analysis, the lattice parameter and the cell volume decrease for low Y
additions (i.e., 300 ppm Y) but increases for higher levels (i.e., 5000 ppm Y).

The e/a ratio increases with Y as per the WDS analysis. The intermetallic studied in this work
is off-stoichiometric and its e/a ratio implies that its thermodynamic stabilization is not through
Hume-Rothery stabilization but through defect structure mechanisms.

The microhardness and the elastic moduli increase with Y additions. Mgi7Ali2 appears to be a
ductile intermetallic according to the criterion B/G. However, Y addition slightly weakens the

ductile character.
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CHAPTER 6

Mg17Al12 Phase Refinement and the Improved
Mechanical Performance of Mg-6Al alloy

with trace Erbium Addition

Chapters 3-5 discussed the effect of Y additions on the modification of Mgi7Al12 and a-Mg phases
and the effect on mechanical properties of Mg-6wt%Al based alloys. It was shown that trace Y
addition can refine the microstructure more effectively than high additions leading to mechanical
properties improvement. The effect of Y was also investigated on the Mgi7Al;2 intermetallic itself
where Y changes its crystal structure and the moduli of elasticity. The current chapter presents the
work that extends the knowledge previously acquired on Y-modified Mg-Al alloys to Er additions
to Mg-6wt%Al to investigate the possible refinement of the microstructure and the effect on the
mechanical properties. Atom probe tomography was used for first time to investigate the possible
dissolution of trace Er in Mg17Al12 as well as microstructural investigation and mechanical testing.
A comparison between the Y and Er modified alloys is made to rationalize the differences between

the two elements on the refinement of Mg-6wt%Al alloy.

107



ABSTRACT

With an improvement in room temperature ductility, the automotive use of cast Mg-Al alloys can
be extended to structural body components. This is challenging since Al readily forms brittle
intermetallics with the alloying additions such as rare earths and limits their solid solubility largely,
nullifying the potential beneficial effects of rare earth elements on plasticity e.g., on stacking fault
energy. In this study, significant improvement of mechanical properties in Mg-6wt% Al (Mg-6Al)
casting alloy was seen with low levels of Er additions (60 ppm and 880 ppm) that was related to
the modifying effect of Er on the Mgi7Ali> precipitates and the a-Mg. Thermodynamic
simulations, atom probe tomography, scanning electron microscopy, X-rays diffraction and
mechanical testing were employed to understand the modification mechanism in Mg-6Al.
According to Scheil solidification simulations, ALEr Laves co-precipitates at the same
temperature as Mgi7Al12 exerting an inoculating effect when Er is at trace levels in the bulk alloy;
however, when Er in the alloy increases, ALEr forms at higher temperatures much before Mgi7Al2
losing its inoculant potential. It was also seen that Er is soluble in Mg;7Ali2 causing changes to its
lattice parameter and cell volume. Tensile strength, ductility, compressive strain to fracture and
hardness are influenced by microstructural refinement. Yield strength at the higher level of Er (880
ppm) can be explained by the existence of Er-rich intermetallics while the yield strength at low

levels of Er (60 ppm) can more likely be explained by the nature of B-phase.

Keywords: Magnesium; Mgi7Al1> refinement; Mg-Al-Er alloys;, Mechanical properties; Atom

probe tomography,; Thermodynamic simulations
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6.1 Introduction

Magnesium (Mg) structural alloys are a viable solution for vehicle weight reduction due to their
high strength-to-weight-ratio. While wrought magnesium alloys have enjoyed considerable
development effort in recent years, Mg casting alloys have not been subject of concerted alloy
optimization or development activities. Mg-6wt%Al based casting alloys with optimum level of
strength and ductility are used in automotive interior components [1]. Simultaneous increase in the
ductility and strength of these alloys will lead to their extended use also in crashworthy car body
components.

Casting alloys which are usually richer in solute levels compared to wrought alloy
compositions possess large amounts of intermetallic phases which govern their mechanical
properties. In Mg-Al alloys, the f-Mgi7Al 2 precipitate is the main second phase that significantly
affects the mechanical behaviour; it lowers ductility but improves strength. The refinement in the
morphology and distribution of this second phase and a change in its crystal structure to improve
its strengthening effect have the potential to increase the ductility of the alloy system while
maintaining the strength.

Previous work mainly on rare earth (RE) element additions has shown that the refinement of
B-Mgi7Al2 has exerted an important effect on the ductility of Mg-6Al cast alloy. Minor addition
of Gd in AZ91 alloy has simultaneously increased its ductility and strength by forming AlsMn4Gd
which act as nucleation sites for Mgi7Ali> and a-Mg leading to their refinement [2].
Sankaranarayanan et al. observed that trace erbium (Er) addition in Mg-Al alloy improved the
mechanical properties through microstructure refinement which they associated with formation of
the ALzEr intermetallics [3]. Others reported that the addition of Er in cast Mgi7Al> intermetallic
improves its microhardness through grain refinement [4]. Studies in Mg-Si alloys have shown that

low additions (up to 1wt%) of rare earth elements Nd and Gd can refine the Mg>Si precipitate
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through a poisoning mechanism but the refinement is lost for higher additions [5,6]. In AZ31 [7],
trace Er addition (0.03wt%) was seen to refine the grains leading to an increase in UTS and
elongation. However, higher Er additions were detrimental for the mechanical properties. Grain
coarsening of a-Mg was observed as well as a decrease in the amount and size of Mgi7Al> with
the formation of ALLEr phase.

The role of the various RE elements over a wide range of additions is not known. The
refinement mechanisms of second phases are known to vary: (i) growth poisoning by segregating
to surface or interface, (ii) the alteration of the nature of the phase (crystal structure, bonding), and
(ii1) inoculation. (i) Growth poisoning by segregating to surface or interface: Knowledge on
precipitates modification exists from the Al-Si cast alloys where the eutectic Si phase has been
refined with low additions elements such as Na[8], Sr[9], Sb[10],Y and Yb[11]. Sr addition in ppm
levels can modify the eutectic Si phase due to the co-segregation of Sr with Al and Si within the
eutectic precipitate leading to growth poisoning [12]. Overmodification is known to result in a loss
of the refinement and in mechanical properties. The previous work of the authors [13] with Y
additions to Mg-Al alloy supports that the extensive formation of other intermetallics can be
detrimental for the mechanical properties. It is known that RE elements tend to segregate [14,15]
to defects (e.g. interfaces, grain boundaries, dislocations) due to their surface active nature in Mg.
According to the Yamauchi[16] model, surface segregation occurs when the Wigner-Seitz radius
(r) of the solute element is larger than the host. Yamauchi showed that when the ratio of rsolute/Thost
is above 1 then surface segregation is likely. Considering this criterion, Er is a promising element
(tEr: 0.195nm[17], rme:0.141nm[ 18]) for the modification of Mgi7Ali2. However, in Mg-Al alloys

the solubility of Er at room temperature is nil, largely nullifying this effect.
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(11) The alteration of the nature of the phase (crystal structure, bonding): Trace additions can
change the intermetallic phases altering their bonding, crystal structure and interface properties.
First principle calculations [19] have shown that elements such as Ca, Zr, and La substitute the Mg
atoms and Zn, Cu, Ni substitute the Al atoms of Mgi7Ali> phase. This leads to changes in the
elastic properties and mechanical stability of Mg 7Al 2. Lattice distortion and change of Mgi7Ali2
lattice parameter has been previously observed due to the existence of a third element in the 3
phase [13,20,21]. A similar refining effect was found with Y in Mg-6wt%Al alloy[13]. The amount
and type of alloying addition determine if the element dissolves in Mgi7Al;2 or creates a new phase.
(ii1) Inoculation: Theoretically, inclusions and precipitates can have an inoculating role; they can
nucleate both the matrix phase and the second phases in the alloy. The previous work of the authors
has shown that Y-bearing intermetallic that co-precipitate with the § phase can nucleate and refine
this phase [13].

In the present study, the refining effect of ppm levels of Er additions in Mg-6wt%Al (Mg-
6Al) alloy was investigated using Scanning Electron Microscopy (SEM), Atom Probe
Tomography (APT), X-rays diffraction (XRD), mechanical testing (tensile, compression,
hardness) and thermodynamic simulations. The mechanism of refining was related largely to an
inoculation effect of ALEr on the B-Mgi17Al12 phase and the additional effect of Er on B-phase and

a-Mg was elucidated.

6.2 Experimental Procedures

Three different compositions (Table 6.1) were synthesized using 99.98% pure Mg ingot, 99.9%
pure Al granules and 99.9% pure Er pieces. A graphite crucible heated at 700 °C in a Norax Canada
Induction Furnace was used to melt the pure Mg. The melt was kept under protective atmosphere

all the time with a mix of CO2/SF¢ gas (0.553% SFs and balanced CO.). The alloying elements
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were added at 720 °C and held for 20 minutes at temperature. After skimming and stirring, the
alloys were poured under protective gas into a preheated (400 °C) steel mold to produce flat plates
(thickness of 6 mm).

Table 6.1 Chemical composition of the alloys using ICP.

Alloy* Al (Wt%) Er (ppm) Fe (Wt%) Mn (Wt%)
Mg-6Al (control)™ 6.23 - 0.027 0.015
Alloy 1 6.28 60 0.018 0.015
Alloy 2 6.07 880 0.020 0.014

*Mg: balance ™ Values from author’s previous work published in [13] are provided for
comparison.

The chemical composition (Table 6.1) was determined by atomic-emission spectroscopy (ICP-
AES). Increased levels of inclusions were observed at the Er containing samples, especially at the
low ppm level. Three alloy plates were cast in the composition range of 50-90 ppm Er and 5.80-
6.28 wt% Al as per ICP. The mechanical properties were evaluated by tensile, compression and
hardness tests. The tensile coupons with a gauge length of 25 mm were machined from the as cast
plate according to the ASTM ES8 standard. The elongation was measured by an extensometer
attached on the samples. The compression cylinders were machined from the same plates having
5 mm diameter and 7.5 mm height. Both tests (MTS 810-100kN servo-hydraulic machine) were
conducted at room temperature with a strain rate of 0.001 s' Lubricated mica sheets with boron
nitride were used for the compression samples. A Mitutoyo hardness testing machine (HR-500)
was used to evaluate the hardness at room temperature.

Details for the sample preparation can be found elsewhere [13]. A Nikon-Epiphot 200 optical

microscope (OM) was used to measure the average grain size by the intercept technique as well as
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the secondary dendrites arm spacing (SDAS). The precipitates were characterized with a Hitachi
SU3500 scanning electron microscope/Backscattered Electron Detector (SEM/BSE,) with an
energy dispersive X-ray spectroscopy (EDS) detector. The OM and SEM micrographs were
analyzed with the ImagelJ software[22]. A Bruker D8 Discovery X-Ray Diffractometer (Cu
source) was used to obtain the crystallographic information of the cast alloys after stress
annealing 260 °C for 1 hour as described in [23]. The surface of the samples was flattened after
grinding and polishing before the heat treatment. Rietveld refinement using the GSAS Il software
[24] was used to obtain the crystallographic information. For the atom probe tomography sample
preparation, the area of interest was extracted using a standard liftout procedure [25] and
sharpened to a needle shape using dual beam focused ion beam FIB-SEM (Zeiss NVision 40),
with a 30 kV Ga ion beam. A final sharpening step was performed at 10 kV to reduce ion beam
damage to the specimen. The sample was analyzed with a Cameca LEAP 4000X HR atom
probe operating in laser-pulse mode (50 pJ/pulse, 200 kHz pulse rate, A = 355 nm) at an
approximate specimen base temperature of 60 K, with a target detection rate of 0.01 ions/pulse.
462x10° total ions were collected during acquisition. Data reconstruction was performed using
IVAS 3.8.2 and established algorithms [26].

6.3 Results

6.3.1 Mechanical Properties

Table 6.2 shows the tensile properties; both average and maximum values are reported. Er addition
enhances the tensile properties of Mg-6Al binary alloy. Similarly, the hardness shows an
increasing trend with Er which agrees with the increasing maximum UTS values. Additionally,
the strain to fracture in compression increases with Er addition while the Compression Strength

(CS) decreases for Alloy 1 and Alloy 2.
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Table 6.2 Mechanical properties of the as cast samples at room temperature.

Tensile Properties

Mg-6Al" Alloy 1 Alloy 2

UTS (MPa) 206 + 5[209] 201+ 11 [218]  211+15 [233]
YS (MPa) 74 +6[78] 72+ 4 [75] 70+11 [88]
El (%) 8+£21[9.5] 9+ 1[10] 10£3 [15.8]
Compression Properties
CS (MPa) 276 £ 8 263+5 26446
Strain (%) 23+ 1 28 £2 29+1
Hardness
HRE 47+ 2 53+4 54+7

Brackets show max values

“From the authors’ previous work [13].

6.3.2 Microstructural Investigation

6.3.2.1 Scanning Electron Microscopy

The SEM/BSE micrographs of the three alloys in the as-cast condition are shown in Fig.6.1. The
alloys consist of a-Mg dendrites, partially divorced eutectic Mgi7Ali2 precipitates in the
interdendritic regions and Mg-Al-Mn-Fe phases. Table 6.3 shows the results of the image analysis
of the OM and SEM micrographs. The average size of Mgi7Al> decreases by 56% with trace Er
addition (Alloy 1) and then slightly increases in Alloy 2 with higher Er level (~44% decrease from
control sample). The area fraction of Mg17A 112 increases by ~52% in Alloy 1 and by ~30% in Alloy
2. It has been also observed that Alloy 1 has higher percentage of spherical B phase morphology
(i.e., more particles with aspect ratio 0.8-1) comparing to Mg-6Al and Alloy 2 which indicates
stronger refinement. The Mg-Al-Mn-Fe-(Er) phase becomes slightly coarser when higher amount

of Er is added (Alloy 2). The a-Mg grain size decreases by ~22% in Alloy 1 and by ~18% in Alloy
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2 following similar trend with the size of Mgi7Al12. The secondary dendrites arm spacing (SDAS)

shows a slight refinement in Er containing alloys.

Table 6.3 Effect of Er addition on the size and morphology of second phases.

Alloys | Mg .Al,, | Mg Al,, (Irregular|Spherical Mg-Al-Mn-Fe- Mg-Al-Mn-Fe-| o-Mg | a-Mg

Area |Gjze (pmz) Mg,,Al,, | Mg,Al, (Er) (Er) Size (umz) Grain | SDAS

fraction Area fraction Size (nm)

(%) (%) (um)

Mg-6Al 971040 | 3215 | 87% | 13% | 009£0.05 | 1.56£0.06 |96£13 | 23%5

Alloy 1{1.47+0.37| 14+3 66% 34% 0.08+0.03 1.47+0.28 75+8 19+2

Alloy 2{1.26 £ 0.46 18+4 82% 18% 0.16+0.06 2.08+0.50 79+10 1943

*Values from author’s previous work published in [13] are provided for comparison.

In Alloy 1 (60 ppm Er), only a small fraction of Mg-Al-Mn-Fe precipitates contains Er
compared to Alloy 2 (880 ppm Er) where all the Mg-Al-Mn-Fe precipitates are enriched in Er and
depleted in Fe and Mn. A close association of the Mg-Al-Mn-Fe (with or without Er) phase with

Mgi7Al2 and a-Mg was also seen indicating a co-precipitation/nucleation effect (Fig.6.2).
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Fig. 6.1 SEM/BSE micrographs of as cast alloys (a) Mg-6Al, (b) Alloy 1 (60ppm Er), (c) Alloy 2
(880ppmEr), (d) Higher magnification of Alloy 2 showing the association between Er enriched
phase and Mgi7Al 1.
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Fig. 6.2 EDS map analysis showing co-precipitated Er-enriched precipitates and Mgi7Ali2 in
Alloy 2.
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6.3.2.2 Atom Probe Tomography

Atom probe tomography was used to examine the possible segregation of Er inside the Mgi7Al2
phase; The phase was extracted from Alloy 1 (60 ppm Er). A quantitative approach was used to
define elemental segregation first by delineating the two phases using an iso-concentration surface
(here set at 25 at.% Al) and measuring a 1D concentration profile in the region just adjacent to this
surface using a proximity histogram (proxigram). Fig. 6.3 shows the plot of the major elements
(i.e., Mg and Al) versus distance. The composition of the secondary phase is close to stoichiometric
Mgi7Ali2, albeit slightly more Mg-rich. Mg17Al;2 is a metastable non stoichiometric phase and due
to the large range of Mg and Al [23] it is often observed to deviate from the stoichiometric
composition [27]. Further analysis showed that the Mg;7Al;2 is more enriched in Er than the a-Mg
matrix (Table 4). The Er peaks are indistinguishable from the background in the Mg matrix (Fig.
6.4). It was also observed that impurities from the raw materials such as Cu and Mn were present
in Mgi7Al2. Impurities are common in magnesium alloys and it has been observed that they tend
to dissolve in the -Mgi7Al12 phase [28-30].

Table 6.4 Composition of a-Mg matrix and Mgi7Al12 of Alloy 1 (60 ppm Er).

Element | Mg Matrix (at%) | Mg Matrix (wt%) | Mg;;Al;; (at%) Mg17AL2 (Wt%)
Mg 94.274 +0.009 93.67 60.701 £0.010 58.15

Al 5.723 £0.003 6.31 39.282 £0.008 41.78

Er 0.002 £0.001 0.01 0.007 £0.001 0.05

Cu <0.001 - 0.010 +<0.001 0.03

Mn <0.001 - <0.001 -
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Fig. 6.3 APT plot of Mg and Al inside Mgi7Ali2 of Alloy 1 (60 ppm Er).
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Fig. 6.4 Er peaks (pink) in a-Mg and Mgi7Al2 of Alloy 1 (60 ppm Er).

6.4 Crystallographic Analysis

The lattice parameter of Mgi7A 1y, for the three alloys was determined via XRD (Fig.6.5) after
annealing the samples to relieve the internal stresses. Rietveld refinement at 20: 35.6°-45° was used
to calculate the lattice parameter a, the cell volume and weight fraction of Mgi7Ali2 as shown in
Table 6.5. The lattice parameter and, by extension, the cell volume of the  phase increase with Er

addition. Only the peaks of Mgi7Ali2 and a-Mg matrix appear in the XRD spectra and no Er phase

1S seen.
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Fig. 6.5 XRD diffraction peaks of the 3 alloys.

Table 6.5 Average lattice parameter of B-Mgi7Ali2 after Rietvield refinement.

Alloys a Cell Volume Weight fraction
A) A%
Mg-6A1l13I 10.5841+0.0014 1185.68 0.034+0.003
Alloy 1 10.5846+0.0017 1185.82 0.045+0.003
Alloy 2 10.5861+0.0011 1186.34 0.035+0.001

6.5 Thermodynamic Simulations

Thermodynamic simulations were performed using the FactSage 7.3 Education Package software
with the FTlite data base [31]. Equilibrium and non-equilibrium simulations (Scheil cooling) were
conducted to predict the formation temperature and type of the phases. Fig. 6.6.a shows the plot
of the Mg-(0-60wt%) Al-60ppm Er phase diagram where the  phase co-exists with Er-rich

intermetallics. Fig. 6.6.b presents the equilibrium isopleth for the Mg-6wt%Al system with
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different levels of Er (0 to 0.1 wt%). Both Alloy 1 and Alloy 2 present the same solidification path

leading to the formation of a-Mg+AlLEr+Mgi7Al2 at room temperature. The main differences

between alloys 1 and 2 are the following (Fig. 6.6b):

1. Alloy 1 with 60ppm Er experiences a first stage of freezing range (a-Mg+Liq.) of ~70°C before
the formation of primary Al2Er Laves while the corresponding stage in Alloy 2 with 880 ppm
Er is only ~20°C.

2. In Alloy 1, primary ALEr has a short temperature range and less time to coarsen while in Alloy

2, primary ALEr has a larger freezing range and more time to coarsen.
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Fig. 6.6 (a) Phase diagram of Mg-(0-60) wt%Al1-60 ppm Er. (b) Equilibrium isopleth for Mg-
6wt% Al with different Er levels. The red lines show the solidification path for Alloy 1 (60 ppm
Er) and Alloy 2 (880 ppm Er).

Scheil cooling simulations were also performed for different levels of Er in the Mg-6 wt% Al
alloy (Fig.6.7). It is observed that the ALEr precipitate forms at very low Er levels (Fig.6.7a) and
its amount increases with increasing Er. The amount of Mgi7Al12 shows a decreasing trend with
higher Er addition. A notable observation is the formation temperature of ALEr and Mgi7Ali2; the

two phases form at a very close temperature in Alloy 1 (60 ppm Er) or even at the same temperature
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for lower Er additions. However, the formation of Al Er takes place earlier than Mgi7Al12 during
the solidification (i.e., at higher temperature) at 880 ppm Er. Another important observation is the
segregation of Er inside Mgi7Ali2 which confirms the APT results. Table 6.6 summarizes the

Scheil cooling results.
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Fig. 6.7 Scheil cooling of Mg-6Al-Er (a)60ppmEr, (b)880ppmEr.
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Table 6.6 Formation temperature and amount of each phase predicted by Scheil cooling.

Er level Formation Temperature Formation Temperature Amount of Amount of

(ppm) of Mgi7Al2 (°C) of ALEr (°C) Mg17Al12 (%) ALEr (%)
0 439 - 6.62 -
60 439 440 6.70 0.008
880 439 595 6.35 0.11

6.6 Discussion

This study has shown that low level Er (60 and 880 ppm) additions exert complex effects on the
microstructure and the mechanical properties of the Mg-6Al alloy. Microstructural refinement
encompassing most microstructural features, the 3-Mgi7Ali2 phase, o-Mg grain size and dendrite
arm spacing, as well as Mg-Al-Mn-Fe phases occurs at the lower level of Er. Er also dissolves in
both B phase and in Mn bearing phases. In the B-phase, it alters the lattice parameters. Effect of
these changes on the mechanical properties is complex. Since the main trust of this study was to
understand the effect of low levels of Er on mechanical properties of a Mg-Al alloy, the discussion
aims at elucidating the mechanism of the microstructural refinement and interpreting the role of
the refinement and of the change in the B-phase on the mechanical properties in Mg-6Al (Er)
alloys.

6.6.1 Modification of B-Mgi7Al12 crystal structure

Atom Probe Tomography, XRD and thermodynamic simulations indicate that Er is soluble in the
B phase. Mgi7Al12 is a non-stoichiometric compound which exists over a compositional range for

Mg and Al[23,32]. It has a cubic A12 crystal structure isomorphous with a-Mn (cI58). Its unit cell
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consists of 34 Mg atoms occupying three different positions Mg(I), Mg(Il) and Mg(III) and 24 Al
atoms. The bonding of the atoms is homopolar between the Al atoms, heteropolar between Mg and
Al and metallic among Mg atoms; (Al2)122 Mgasa™ Mgi0[33,34]. Its lattice parameter a ranges from
10.50 A to 10.69 A [35]. Elements that dissolve in Mg17Al12 (e.g., Ca, Zn, La etc.) substitute Mg
or Al atoms. The position of the alloying addition (i.e. Mg(I), Mg(II), Mg(III) or Al) depends on
the minimization of the occupational energy. Due to this substitution the elastic constants of
Mgi7Ali2 will change [19]. For example, Ca is soluble in Mg;7Ali2 and substitutes the Mg(III)
atoms increasing the cohesive energy and its lattice parameter [36]. Similarly, Er is soluble in
Mg7Al2 substituting Mg or Al leading to lattice distortion and increase of its lattice parameter.
This substitution changes its elastic constants affecting its intrinsic characteristics such as its
modulus. First principle simulations [19] showed that rare earths such as La increased the bulk,
shear, and Young’s moduli of Mgi7Ali2 by substituting the Mg atoms. Generally, the modulus
increases when the bonded electrons and the coordination number increase while the length of the
bond is short [42,43]. XRD investigation shows that Er affects the lattice parameter a of the [3-
phase which increases with increasing Er in the alloy.

6.6.2 Microstructural Refinement

SEM analysis of this study shows that the addition of low level of Er in Mg-6Al refines the
Mgi7A 112 phase, the a-Mg grain size, and Mg-Al-Fe-Mn phases. The XRD, APT analyses and the
thermodynamic simulations indicate that the refinement mechanisms of the Mgi7Ali2 in the Mg-
Al-Er based cast alloys can be attributed to an inoculation process. Thermodynamic simulations
show that at low levels of Er, the AL Er precipitate starts forming at the same or close temperature
as Mgi17A 112 (439 °C). This indicates an effective co-precipitation and inoculation effect. At higher

Er levels, the ALEr precipitates form earlier at a higher temperature (595 °C) than the Mgi7Al2
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during solidification. This temperature difference allows more time for coarsening of the Al>Er,
resulting to loss of the co-nucleation effect for Mgi7Ali> at the eutectic temperature (439 °C). As
a result, the Mgi7Al12 shows an increasing size trend for higher Er additions. The refinement in a-
Mg grains can also be attributed to an inoculation effect via the Er modified and refined Mg-Al-

Fe-Mn phases that are found in the a-Mg grains (Table 6.3 & Fig. 6.1).

6.6.3 The Effect of Microstructural Refinement and the Modification of B-phase on the
Mechanical Properties of Mg-6Al

Effect on Tensile Strength, Ductility and Hardness: The Mgi7Ali2 and a-Mg refinement would

reflect as an improvement in the mechanical properties of the Er containing alloys. This correlates
largely with the trend we see in tensile properties, compression strain to fracture and hardness
(Table 6.2). The solubility of REs in a-Mg is very limited when Al is present, resulting in the
formation of brittle intermetallics [37—40]. In Mg-Al casting alloys, the embrittlement of the alloy
with increasing Al has been related to the increase in the B-phase. It has been reported [41] that
dislocations pile up or form networks inside Mgi7Ali2 or AlgMns. This could possibly lead to the
cracking of the precipitates during the deformation of Mg-Al based alloys. Refinement in the
B would enhance ductility since cracks that form in the brittle phases would be stopped by the
more ductile matrix. Work by Vaid et al [42] sheds more light on the interaction of the B-phase
with dislocations where the authors have made atomistic simulations of basal-dislocation
interactions with the B-phase. They suggested that the dislocations do not shear the precipitate or
Orowan-loop around them but that they pass the B-phase by leaving dislocation segments in the
disordered interphase boundary. The B-phase then acts as a sink for dislocations which delays the

early onset of dislocation network stage in a-Mg during plastic deformation and improves

124



ductility. The ductility improvement also explains the increased UTS observed in the Er containing
alloys. Hardness defined as resistance to plastic deformation also follows the trend in UTS.

Effect on Compression Strain to Fracture: Compressive fracture in Mg alloys is associated with

shear banding that can be twin induced. Al additions to Mg changes the c/a ratio and the twinning
mode [43] enhancing tension twins where the twin boundaries accumulate dislocations leading to
cracking. The refined grain size can reduce the propensity to twinning and thereby increasing the
strain to fracture under compression.

Effect on Yield strength: The yield strength seems to have a complex dependence on B-phase and

microstructural refinement. Vaid et al [42] have shown that the critical resolved shear stress tc to
pass an array of precipitates is proportional to In ((1/ 2+ 1/ Z) ') where D is precipitate diameter
and L is the interparticle spacing. Er refines the 3 precipitate diameter and increases its amount in
Alloy 1; it also refines the grain size and the SDAS. The consequence of these factors should be
an increase in yield strength. However, the yield in Alloy 1 with 60 ppm Er decreases compared
to the base alloy but increases in Alloy 2 with 880 ppm Er. To be noted, Alloy 2 has less
microstructural refinement and a lower amount of 3-phase. Other factors then must be responsible
for the trend in yield strength. Vaid et al [42] predicted that a stiffer f-phase would lead to ~15%
increase in the critical resolved shear stress. The increased Er dissolved in the B-phase leading to
increased modulus would explain partly the increase in yield strength. One other difference
between Alloy 1 and Alloy 2 is the appearance of Er-rich intermetallics in Alloy 2 that can provide
additional contribution to yield strength. One observation remains elusive and that is the decrease
of yield strength in Alloy 1 compared to the base alloy despite the increase in the amount of j3-
phase, the refinement in grain size and SDAS and the slight change in the lattice parameter

indicating dissolved Er in the B-phase (Table 6.5). The increased amount of inclusions that was
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observed in this alloy also cannot explain the decrease in the yield strength as the trend is not seen
in hardness. A hypothesis that can be put forth can be related to an effect of dissolved Er in the 3-
phase. If dissolved Er decreases the modulus rather than increase it, then the decrease in yield in
Alloy 1 can be accounted for. The increase in the yield strength at the higher Er level (Alloy 2)
then can be attributed to the presence of Er intermetallics rather than the stiffening of the B-phase.
The authors have previously studied Y additions to Mg-6Al where trace Y additions forms the
AlsMgY at the same temperature as Mgi7Al 2 resulting in its refinement. The refinement is lost for
higher Y amounts after the formation of coarse Y enriched precipitates [13]. Interestingly
substantial differences are also observed between the Y and Er additions in the binary Mg-6wt%Al.
(1) The a-Mg grain size decreases for ppm Y additions but increases for higher levels. In the case
of Er, the grain size is smaller than the base alloy for both low and high additions. It is likely that,
the Mg-Al-Fe-Mn particles coarsen significantly in the Y containing alloys (from ~2pm to ~4um)
[13] losing their nucleation effectiveness. However, these particles remain ~2um in the Er
containing alloys. The Er enriched phases in Alloy 2 with high amount of Er (i.e., 880 ppm) do
not coarsen as much as the Y enriched phases in the alloy with high Y (i.e.,300 ppm). It is also
noted that the B phase in the Y containing alloys co-exists with the AlsMgY phase while the 8 in
the Er containing alloys co-exists with ALEr, A3Er and Er;AlooMg7 phases.
6.7 Conclusions
1. Trace Er addition improves the mechanical properties of Mg-6wt%Al alloys. 60 ppm Er (Alloy
1) refine the Mg 7Ali2 phase by 56% and 880 ppm Er (Alloy 2) by 44%. Similarly, Er addition

leads to refinement of a.-Mg grain size and SDAS.
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2. An increase on tensile ductility, UTS and hardness was observed in the Er containing alloy
with slight changes in YS. Similarly, compression strain to fracture was increased with Er
additions; however, the compression strength shows a decreasing trend with Er.

3. Close association of Er enriched precipitates with Mgi7Alp was observed proving their
nucleation role during the formation of § phase.

4. Atom probe tomography detects Er within the Mgi7Al12 phase, but not in the a-Mg phase.

5. XRD results show an increase of Mgi7Al)» lattice parameter and cell volume with Er addition.

6. Non-equilibrium Scheil calculations show that precipitation temperatures of ADLEr and
Mgi7A 112 coincide at 439 °C for trace Er levels. As Er increases, ALEr precipitates at higher
temperature before the solid-state formation of the Mgi7Ali2 phase at the end of the
solidification.

7. The increase in tensile ductility, compressive strain to fracture and hardness are attributed to
microstructural and grain refinement.

8. The increase in yield strength at ~900 ppm Er is attributed to microstructural refinement and
the existence of Er-rich intermetallics. Yield strength at 60 ppm Er seems to have complex

dependence on microstructural refinement and 3-phase modification.
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CHAPTER 7

Concluding Discussion and Proposed Future Work

7.1 General Discussion

The long-term objective of the current doctoral work was to increase the ductility of Mg-6wt%Al
based casting alloys without compromising their strength so that these alloys can be used in
structural parts of vehicles. The use of these alloys is important for weight reduction in cars and
trucks powered with internal combustion engines for the purpose of emissions reduction. The use
of these alloys is also critical in weight reduction in electric vehicles.

The alloy development strategy was focused on the trace additions of rare earths (REs) to
modify the f-Mgi7Ali2 phase which plays an important role in the strength and ductility of Mg-Al
casting alloys. REs were selected because of their expected role in improving the mechanical
properties of Mg alloys. The usual hesitation in using REs due to their cost and supply concerns
was addressed by using trace additions (ppm levels). Trace levels were used to modify the
Mgi7Ali2 phase while minimizing the formation of other phases that could embrittle the alloy.
Trace level additions especially as low as ppm levels are not usually used in Mg alloy development
with REs. This research choice enhanced both the novelty and the challenges of the alloy
development in synthesizing and analyzing the microstructures of the alloys. In the present study
Y and Er were studied. The Mg-Al alloy selected was Mg-6Al which is the alloy with an optimum
combination of strength and ductility due to the medium amount of Mgi7Ali2 phase in its structure.

The main research questions were:
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1. Can trace levels of Y and Er modify either the morphology or the nature of the Mgi7Al2
intermetallic phase?

2. Can the modification of the Mgi7Al2 intermetallic enhance the ductility of the Mg-6Al alloy?
This doctoral work was able to show the effects of trace additions of Y and Er on the phase

morphology, crystal structure and elastic moduli of Mgi7Alix. The study also developed Mg-

6AI(Y) and Mg-6Al(Er) alloys with enhanced ductility for use in crashworthy structural

applications of vehicle-body construction. The forgoing discussion summarizes the key findings

of the doctoral work.

7.1.1 The Microstructural Refinement of the Mg-6Al alloy with Y and Er and the
Mechanism of such Refinement

Nucleation-Based Morphological Refinement of the Mgi7Al12 Phase

This doctoral thesis determined that Y or Er additions morphologically refine the Mgi7Al2 (up to
47% with Y and up to 56% with Er) and that this refinement occurs in a narrow range of trace
additions (0.2-1.5 ppm Y and 60 ppm Er). The refinement of Mgi7Ali2 is lost when Y or Er
increases to higher levels. At these higher additions, coarse Y or Er phases form.

The mechanisms of morphological refinement in metallic alloys are known to be two-fold:
Nucleation based or due growth inhibition. In this study, microstructural characterization, and
thermodynamic simulations, both, shed light onto the mechanism of morphological refinement
brought about by Y and Er. The close association of Y or Er bearing phases with Mgi7Al2 in the
microstructure indicates a nucleation-based mechanism wherein fine Y-containing or Er-
containing intermetallics effectively nucleate and refine the B phase. HRTEM analysis shows that
the interface between the Mgi7Al2 and the Mg-Al-Y precipitate is semi-coherent, with misfit

dislocations relaxing the interfacial strain. The near-coherency of the interface strongly suggests
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that Y-intermetallic acts as nucleation point of the B-phase. These particles are AlsMgY in Mg-
6AI(Y) alloy and in the Mg-6Al (Er) alloys the nucleant phase was found to be ALEr.

The research question on why the nucleant effect occurs with trace levels of Y and Er and
the refinement is lost as the amount of these elements increase beyond the optimum range was the
principal focus of the project in its early stages. Thermodynamic calculations interestingly pointed
out the composition dependance of the nucleation effect. Equilibrium calculations predict that
AlsMgY and AlLEr, AlzEr, ErsAlooMg7 phases co-exist with Mgi7Al2 phase in Mg-Al-Y and Mg-
Al-Er alloys, respectively. Non-equilibrium Scheil calculations show that the precipitation
temperatures of AlsMgY or ALEr and Mgi7Al12 coincide at 439 °C when Y or Er are in trace
levels. As the alloying addition (i.e., Y or Er) increase, their phases form at earlier stage of
solidification (at higher temperature) well before the formation of Mgi7Ali2. The phases that form
at higher temperatures have time to coarsen and lose their nucleant effectiveness for Mgi7Al2

while at trace additions the phases that co-form with Mgi7Al12 are effective nucleants.

The Refinement of the a-Mg Grain Size

In parallel with the refinement of Mgi7Al12, the a-Mg grain size also decreases for trace Y additions
but then it increases for higher amounts of Y. Similar trend is shown with trace Er where the a-
Mg grain decreases for trace additions. This can be attributed to the solute content of liquid in the
semi solid fields. Since the formation of the AlsMgY or ALEr phases occur at low temperatures at
trace additions the liquid phase is enriched in Y or Er yielding a fine grain size. At higher additions
where these phases form early, the liquid is dilute leading to coarser grains. However, it is noted
that grain coarsening with increasing Er is less significant that that with Y. Here, the effect of
another nucleant comes into play: The Mg-Al-Fe-Mn particles are nucleants for a-Mg grains, but

they coarsen significantly with high Y additions but not with high Er additions.
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7.1.2 Modification of the intrinsic properties of p-Mgi7Al12

The Mgi7Al12 phase is stoichiometric at absolute zero but exists over a range of compositions at
higher temperatures. Stabilization is via-Hume-Rothery rules at stoichiometric composition, but
via complex defect structure at off-stoichiometry. This structure is subject to substitution by
solutes. Solute substitution while increasing stability can also alter lattice parameters.

Solubility and Lattice Parameter:

The experimental investigation of this study showed that Y and Er dissolves in the Mgi7Al;2 phase.
Y shows a maximum solubility of ~330ppm. Excess Y additions lead to the formation of AlsMgY
phase. Atom probe tomography proved that Er dissolves in the Mgi7Al> phase and no Er was
detected in the a-Mg matrix. XRD showed that the lattice constant a and the cell volume increase
with Y or Er additions. However, the lattice parameter and cell volume contracts for higher Y
additions (i.e.,300 ppm Y).

Once an effect of dissolved Y and Er was seen on the lattice parameter of Mgi7Ali, the
principal focus, at this stage, was to understand the mechanism of this effect. Lattice constants can
change through change in electron-to-atom ratio (e/a) which is Hume-Rothery stabilization effect
or through size differences of the solute radii with respect to host radii. Several important
observations and findings were obtained in this doctoral study to shed light on the incorporation
of Y or Er in the phase.

Y alloys:
- The lattice parameter a first decreases and then increases with increasing Y dissolved in the -
phase; the increase in Y is accompanied by an increase in the Al content suggesting that the Y

possibly substitutes the Mg sites, but samples also show that Y may be substituting Al sites.
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- There is a complex dependance of lattice parameter with Y and Al with a reversal in dependence
at ~0.005at% Y and ~43.1 at% Al. The lattice parameter decreases and then increases with Y.

- The increase in lattice parameter a above 0.005 at % Y can be explained with size effect
however, the initial decrease in lattice parameter with increasing Y and Al cannot be explained
on the basis of the metallic radii. The initial lattice contraction can only be attributed to the
inherent chemical disorder of the 3-phase that exists at off-stoichiometric compositions and that
consists of partial and fractional site occupancy. The present study concurs with previous
studies by Shin et al [reference 38 in Chapter 5] that the effect of Y on the lattice parameter is
not likely due to simple site substitution but can be explained by the formation of complicated
defect mechanisms such as multi-defect clustering.

- A complex correlation exists between e/a and the lattice parameter, a, with an initial increase
with e/a (up to 2.439) but then a decrease that is not aligned by the usual effect of e/a on the

lattice constant that can also be explained by its complex defect structure.

Er Alloys

- Atom Probe Tomography, XRD and thermodynamic simulations indicate that Er is soluble in
the B phase. XRD showed that Er affects the lattice parameter a of the B-phase which increases
with increasing Er in the alloy from 10.5841 to 10.5861 angstroms at 880 ppm Er.

Microhardness and Elastic Moduli

The characterization of the Mgi7Al12 phase as ductile or brittle is complicated. According to first-

principle calculations and based on the elastic constants, Mgi7Al2 is considered to be a stiff and

brittle intermetallic [Chapter 5 ref 7-9]. Its presence in Mg-Al alloys is also related to the lowering
of the alloy’s ductility. However, it was also shown that the ratio of bulk modulus (B) over shear
modulus (G) determines the failure mode of intermetallics; ductile (B/G>1.75) or brittle

(B/G<1.75) [Chapter 5 ref 7-10,23].
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The microhardness and the elastic moduli of Mgi7Ali; with Y was determined
experimentally in this doctoral study and the B/G for f-Mgi7Ali2 is found to be 2.21 indicating
that the B-phase can be classified as ductile. The study also determined that the B/G of Mgi7Al2
decreases to 2.17-2.18 with dissolved Y. It appears that Y weakens very slightly the ductility of
Mgi7Al12 but the intermetallic is still in the ductile category as per B/G.

Atomistic simulations of basal-dislocation interactions with the B-phase suggest that the
dislocations pass the Mgi7Ali> phase without shearing the precipitate or presenting any Orowan
loop around it [ref 17 Chapter 5]. This notion leads us to think that the morphological refinement
of the Mgi7Ali2 phase would indeed aid the movement of dislocations in cast alloys in
interdendritic regions where the Mgi7Al12 phase concentrate. Hence, the role of Y in ductility
improvement seen in this study is attributable to its modifying effect on the Mg;7Ali» phase rather
than in changing its intrinsic ductility.

7.1.3 The Effect of Y and Er on the Tensile Properties of Mg-6Al

The driving force for this study is the need to develop Mg-6wt%Al alloys with enhanced ductility
without sacrificing strength for use in structural body components of automotive vehicles. The
study shows that Yttrium and Erbium additions at trace levels can meet these objectives.

Yttrium: Trace Y additions significantly increase the tensile ductility and the UTS; hence
toughness increases making the alloy crashworthy. The effect is attributed the modifying effect of
these additions at these trace levels. The modifying effect and the improvement in mechanical
performance is lost as Y or Er is increased above these trace levels. The strong relationship
between Mgi7Al> and tensile ductility is described as %El = 44.38 - 2.648 Mgi7Ali> Size +

0.04724 Mg;7Al12 Size? with R(adj)*=99.98%. Compressive strain also improves.
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Erbium: Er show slightly different effect than Y on the mechanical properties of Mg-6wt%Al. As
Er increases, the tensile ductility; UTS and hardness increase too. Similarly, compression strain to

fracture was increased with Er; the compression strength shows an opposite trend.

7.2 General conclusions

Y and Er additions can improve the mechanical properties of the binary Mg-6wt%Al alloy by
refining the B-Mgi7Al12 phase and the a-Mg grain size. Trace additions without the formation of
coarse intermetallics, lead to higher refinement and more cost effective alloys than higher alloying
additions. The following table provides the highlights of each alloy that was synthesized and tested

in the current doctoral thesis.

Table 7.1 Summary of the investigated alloys and their main characteristics.

Mg-6Al

Control sample with coarse Mgi7Al1> precipitates.

Mg-6Al-1.5 ppm Y
Refined Mgi7Ali2 and a-Mg phases with significantly improved tensile and compression

properties. Co-precipitation of AlsMgY with Mgi7Al; at the end of solidification.

Mg-6A1-100, 300 & 3000 ppm Y
Coarser Mgi7Al12 and o-Mg phase than trace Y additions. Formation of coarse Y enriched

precipitates before the nucleation of Mgi7Al2. Deterioration of mechanical properties.

Mg-6Al-60 ppm Er
Refinement of both Mgi7Ali2 and a-Mg. Slight improvement on tensile properties and hardness
but significant improvement on compression strain to fracture. Co-precipitation of ALEr with

Mgi7Al:2 at the end of solidification. Er was detected in Mgi7Ali2.
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Mg-6A1-880 ppm Er
Slight coarsening of Mgi7Al12 and a-Mg phases comparing with trace Er containing alloy but
still finer than Y containing alloys. Improvement of tensile properties, compression strain to

fracture and hardness. ALEr forms earlier than Mgi7Al;2 but it is not as coarse as Y precipitates.

Mg7Ali2 with 300 & 5000 ppm Y
Lattice parameter distortion. Formation of coarse AlsMgY at high (5000 ppm) Y. Improvement

of intrinsic mechanical properties.

7.3 Strategies for Future Work

According to the current doctoral thesis, it is possible to design Mg-Al based alloys with high
ductility and strength leading to increased toughness through the modification of Mgi7Al2
intermetallics with trace rare earth additions. The following research and commercial objectives

are proposed based on the findings of the current thesis:

7.3.1 Scientific research objectives

1. The diffusion of trace rare earths inside Mgi7Ali2 as well as in the a-Mg (e.g., grain boundaries,
dislocations) should be thoroughly investigated using high resolution techniques such as atom
probe tomography and high-resolution transmission electron microscopy with aberration
correction. The orientation relationship between nucleant intermetallics and o-Mg and
Mgi7Ali2 can also be investigated.

2. A study on the phases formation using differential scanning calorimetry (DSC) would be useful
to experimentally validate co-nucleation and the solidification path of Mg-Al based alloys with
trace Er or Y additions.

3. The mechanism of ductility improvement with morphological refinement should be

investigated.
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Further investigation on the effect of REs on the elastic moduli of Mgi7Ali2.and the Pugh
criterion. It would be interesting to study the change of shear modulus and its effect on the

dislocation motion through the Peierls-Nabarro equation.

. An investigation of synergistic effects between Y or Er and Mn on the refinement of Mgi7Ali2

and a-Mg can be conducted.

Other RE elements can be investigated for their role in the modification of Mg;7Al2 phase.

7.3.2 Commercial development objectives

Magnesium casting original equipment manufacturers (OEMs) such as Meridian Lightweight

Technologies would be an appropriate industrial partner to evaluate the performance of AM60

alloys with trace Y or Er addition. The focus should be on following aspects:

1.

High pressure die cast (HPDC) Mg-Al based components with trace Y or Er should be prepared
to evaluate the existence of the refining mechanism at high cooling rates.

Mechanical testing of HPDC components to evaluate the effect of trace additions on the
crashworthiness of Mg-Al based alloys.

Effect of trace Y or Er on the corrosion resistance of Mg-Al alloys. It is expected that the
corrosion will be improved as it is observed that both elements dissolve in Mg-Al-Fe-Mn

precipitates and modify them.
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CHAPTER 8

Contributions to Original Knowledge

The current doctoral research focused on the development of high ductility and strength Mg-6 wt%

Al (Mg-6Al) alloy by refining the microstructure using trace and low amounts of Y or Er additions.

Mg-6Al is the main magnesium casting alloy considered for car body applications due to its

optimum combination of strength and ductility. However, the alloy needs to have improved

ductility for wide use in these applications. In this doctoral study new concepts were developed on

rare earth additions to Mg-6Al.

8.1

1.

Yttrium (Y) Alloying of Mg-6Al Alloy

The concept of trace additions: Yttrium alloying of Mg-Al alloys to date had focused on levels
that can be considered low to moderate. Observations of microstructural modification and
improvement on mechanical behavior have been reported but in contradictory versions. The
alloys always led to the formation of coarse and brittle Y-bearing intermetallics that
overshadowed the microstructural refinement. The alloy design discovery made in this doctoral
thesis is on the use of only trace level Y <60 ppm which is a distinct novelty. It was found that
this level of addition refines the Mgi7Ali2 phase which is the main strengthening phase in Mg-
Al alloys without the formation of coarse brittle Y-intermetallics. The alloy exhibited 63%
improvement in ductility over Mg-6Al base alloy. It can have a wide range of applications
readily in vehicle body construction.

The mechanism of the morphological refinement of Mg;;Al;2: The refinement mechanism
was determined by thermodynamic simulations and HRTEM analysis. It was discovered that
in this composition range of the alloy system, an Y-intermetallic does form but it co-

precipitates as a fine particle at the same temperature as the Mgi7Al2 phase thereby nucleating
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and refining it. At higher Y additions, the Y-intermetallic forms earlier at higher temperatures
in the liquid; it coarsens and loses its nucleating effect. This principle was validated with
another rare earth element Erbium and can be effectively used with the aid of thermodynamic

simulations to identify other alloying additions that can refine the Mgi7Al12 phase.

8.2 Erbium addition in Mg-Al Alloy

1.

Trace Er additions also proved to be beneficial for the refinement of Mgi7Al2 phase and
improved the tensile properties suggesting a new way for future alloy design where expensive
rare earths can be proved beneficial to the mechanical properties of Mg-Al alloys at trace
levels.

Atom probe tomography was used to identify the Er solubility inside Mgi7Al12. Erbium amount

was higher in the B phase than the a-Mg matrix for trace Er additions.

8.3 Modification of Mgi17AlL12 intrinsic properties

1.

The effect of Y and Er additions in the crystal structure of Mgi7Ali> has been studied and it
has been observed that both elements change the lattice constant of the phase.

The elastic moduli of Mgi7Al> with and without Y were experimentally investigated for the
first time. The experimental results are comparable with the first principle calculations and
indicate that Mgi7Al2 presents ductile character and Y additions increase its moduli of
elasticity.

Based on the Y effect on cast Mgi7Ali2 lattice constant, it is proposed that the intermetallic is
off-stoichiometric and its e/a ratio implies that its thermodynamic stabilization is not through
Hume-Rothery stabilization but through defect structure mechanisms.

Also, notably, it was determined by the elastic moduli that Mgi7Al» is a ductile intermetallic

and Y slightly decreases its ductility. This led to the important discovery that the main reason
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for the decrease of ductility of Mg-Al alloys with an increased amount of Mgi7Ali2 is based
mainly on the coarse morphology of this phase and not on its intrinsic properties. It also led to
the confirmation that ductility of Mg-Al alloys can be enhanced by the refinement of the

Mgi7Al12 phase morphology.

8.4 Commercial and Environmental Contribution

The discoveries of this doctoral study are positioned to make a significant contribution to the wider
use of Mg in lightweight automotive applications for reduced greenhouse gases, and, also, for
enabling the construction of electrical vehicles. Mg-6wt% alloy is already commercially used with
all its casting processes well established. The use of rare earth additions only at trace levels would

require rather minor adjustments in processing, joining and finishing and infrastructure.
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Appendix A
Experimental Details and Sources of Error

Castings

Alloy composition

All the alloys were synthesized using raw materials (pure Mg, Al, Y, Er). A recovery factor was
used for each element to ensure that the actual composition is close to the target. The recovery
factor for Al was 0.95 and for Er was 0.75. Y recovery factor fluctuated from 0.85 to 0.2 as it was
challenging to synthesize alloys close to the target. The main assumption of this error is the fast
diffusion of Y at the oxide layer of the melt. All the castings compositions in this thesis are the
actual after analyzing the samples with inductively coupled plasma mass spectrometry in an
external certified lab. There are three main limitations for the chemical analysis; 1) the detection
limit for each element, 2) the matrix effect which can affect the measurements and 3) how
homogeneous is the matrix. These limitations significantly affect the quantification of trace
additions.

Electron microscopy has also its limitations for the detection of trace additions in the alloys.
Energy Dispersive Spectroscopy (EDS) has a detection limit of 0.1 wt% for bulk materials making
it impossible to detect trace elements. Wavelength-Dispersive Spectroscopy (WDS) has a lower
detection limit (~0.01wt%) but still this is not enough to analyze the alloys presented in the current
thesis. Atom probe tomography (APT) is a possible technique to detect trace elements, but the
biggest challenge is the sample preparation and the low yield of Mg alloys. For example, the alloy
with the detected trace Er which was analyzed in the current thesis, is the result of 462x10° ion

counts from only one tip. Another tip from the same alloy yielded only 34 x10®ion counts which
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was not enough to detect Er. Similarly, APT was conducted on the Y sample but it yielded only
30 x10%ion counts which was not enough to detect the trace Y.

Casting defects

Magnesium alloys oxidize fast during the synthesis and castings. For this reason, a protective
atmosphere of CO,/SFs is necessary to protect the molten alloys all the time. However, oxidation
cannot be prevented completely, and inclusions form during the casting in the permanent mold.
These inclusions can be large (mm size) and act as stress risers affecting the tensile properties as
the alloys present a premature fracture. After each tensile test, the fracture surface was visually
evaluated and the samples which had big inclusions, intense oxidation or broke outside the
extensometer were rejected. Compression samples were also used to better evaluate the mechanical
properties and eliminate the effect of porosity and inclusions.

Tensile and compression samples geometry

The tensile samples were machined from the as-cast plates (6 mm thickness) using the ASTM ES8

standard (Fig. ) for flat subsize specimens (1/4-in. wide).
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Subsize dimensions
G-Gage length 1.000 + 0.003
W-Width 0.250 = 0.005
T- Thickness As cast
R- Radius 1/4
L- Over-all length -+
A-Length of reduced section, min 11/4
B-Length of grip section 11/4
C- Width of grop section, approximate 3/8

Fig. I Dimensions of tensile samples according to the subsize flat specimen ASTM ES8 standard.
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The dimensions of the compression samples were machined in that way that the height (7.5 mm)
to diameter (5 mm) ratio is always 1.5 to avoid buckling of the samples.

Grain size measurements

To analyze the grain size of a-Mg, the cross section of three samples from different areas of each
alloy was observed under the optical microscope (at least seven micrographs per alloy) after
grinding, polishing, and etching. Over-etching “burns” the Mg-Al based alloys and makes the grain
boundaries (GB) invisible. The etchant composition is given in the previous chapters. The Imagel
software was used to draw lines of known length (at least 7 lines for each micrograph). Then the
number of intersections was measured, and the average grain size was calculated by dividing the
line length with the number of intersections. Fig. II shows a typical micrograph with the revealed

grain boundaries after etching.

Fig. II Example of Mg-Al-Y micrograph under the optical microscope after etching.
The grain boundaries (GB) appear after careful etching. Over-etching makes the GB
invisible.
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X-rays Diffraction

The calculation of the Mgi7Al;2 lattice constant in the Mg-Al alloys can be affected by different
types of experimental errors. The lattice constant was measured after doing refinement (Fig. III)
using the low angle peaks of Mgi7Al2 because only these peaks were strong enough in the tested
alloys. Using low angle peaks can introduce errors in the measurements. Higher angles are more
reliable for lattice constant calculations, but this is not always possible due to the low intensity of
the peaks. Other possible errors include misalignment of the XRD equipment, temperature

fluctuations, sample displacement and texture.
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Fig. II1 Example of Rietveld refinement fitting for the Mgi7Al1> phase.

Thermodynamic Calculations

The thermodynamic calculations are based on databases which were developed over the years.
These databases may not contain all the phases that can form during solidification. Updated
versions of the software take into consideration new findings which improve the quality of the

databases. Scheil cooling which is used to simulate the as-cast microstructures assumes no
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diffusion once the solid is formed which may not be real in the actual casting. Kinetics also affect

the evolution of the microstructure, but they are not described by the thermodynamic calculations.

Supplemental information

e All the alloys were permanent mold cast and they had a cooling rate of ~10°C/sec which can be
simulated well with no-equilibrium calculations (Scheil cooling).

e Mgi7Al» has a cubic structure with lattice parameter a (the distance between 110 planes).
Changes in lattice parameter with Y (Table 5.4) were explained in the discussion of chapter 5.
There is a difference in the effect of Y and Er on the lattice parameter of the B phase (table 3.7
vs table 6.5). When Y is in excess of maximum solubility limit in [ phase then Y bearing
intermetallics are formed. It is suggested that in § stoichiometry, the defect structure and the
lattice parameter change. This behaviour can be different in Er containing alloy. This can be
investigated in future work. To remove the internal stresses (i.e., elastic stress), alloys were
stressed relieved to remove the effect of strain on the lattice parameter.

e Standard deviations in the B phase size (e.g., table 4.2 and 6.3) overlap but this gives the
interesting insight into the refinement and coarsening of 3 phase. In the refined microstructure
the standard deviation is low but in the analysis of the coarse § phase (2D size) the standard
deviation increases.

e In chapter 6, it is true that only 3 data points were fitted to give the polynomial relationship but
interestingly an extra subsequent experiment drops on this polynomial curve. It has been seen
before that lattice parameter can change trend with different levels of alloying additions

(Chapter 2).
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