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Abstract

Abstract

The search for obtaining a competitive edge in the aerospace industry is pushing the
boundaries of the commonly used materials for aircraft construction. Mg has not been used due to
the perceived fire risk that this metal possesses, however, its low density (1.7 g/cm?) represents an
asset that should not be underestimated. As an example, if only the aluminum components in the
passenger seats of an Airbus A380 were replaced by Mg (540 seats approximately), more than
5000 kilograms could be reduced from the plane weight. This potential has led the aircraft
companies and Mg producers to work with the Federal Aviation Administration (FAA) to modify
the standards on Mg ignition. Pure Mg ignites at ~650 °C and the commonly used alloys AZ
(Aluminum-Zinc) and AM (Aluminum-Manganese) have even lower ignition temperature.
Currently only two rare-earth containing Mg alloys have been identified as having passed the new
FAA/SAE flammability test for Mg alloys (WE43 and Elektron 21%). There is now a drive for new
research on the development of ignition-proof Mg alloys.

The present thesis is aimed at studying the potential of Sr and Ca alloying for the
development of ignition-resistant Mg alloys. The use of these elements was motivated by the
necessity to develop ignition resistant Mg alloys which are not mostly dependent on the use of
rare-earth elements.

The results presented in this thesis have demonstrated that the simultaneous use of Sr and
Ca in Mg improves the formation of a compact oxide scale at high temperatures. This oxide scale
develops at the gas/oxide interface, where CaO is formed mostly in the solid-state while SrO
becomes predominant during the liquid state. A new parameter, the Effective Pilling-Bedworth
Ratio (EPBR), was developed in this study, which is the ratio of the volume of the composite oxide

that forms to the volume of the Mg alloy substrate. The additions need to have an EPBR greater
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than 1 and have a Gibb’s free energy of oxidation more negative than Mg to ensure the formation

of a relatively thin but compact composite oxide over the Mg alloy.

An important factor was isolated; that of heating rate which governs the ignition
temperature of binary Mg-Sr and Mg-Ca alloys. It was discovered that, while the use of different
heating rates does not alter significantly the ignition temperature of pure Mg, there are significant
changes in some binary systems. Mg-Sr alloys displayed the most dramatic change, going from
reaching temperatures between 750-800 °C adding 1-2.4 wt% to igniting as soon as the alloys were
molten (~640 °C). Mg-Ca alloys ignition temperatures were affected by the heating rate only when
2 and 3 wt% Ca was added. The Mg-1Ca wt% alloy seemed unaffected. Microstructural and
surface analysis of both binary alloys revealed the existence of underlying mechanisms not
reported before. The observed differences in the Mg-Ca alloys were attributed to the formation of
molten eutectic pools during the semi-solid state that proved to be thermodynamically more
resistant to the oxidation than the solid intermetallics once the semi-solid range was reached. A
low heating rate promoted the formation of these oxidation-resistant pools, while a high heating

rate resulted in the excessive oxidation of the solid intermetallics.

For the Mg-Sr binary alloys, it was found that its low oxygen affinity against Mg hinders
its effectiveness protecting the alloy when a high heating rate is used; causing profuse oxidation
from the interdendritic regions and developing a non-protective oxide scale with large internal
stresses. A low heating rate promotes the formation of Sr-rich pools which in turn allows the
formation of a continuous SrO scale at the gas/oxide interface, hindering further oxidation during

the liquid state.
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Résume

La recherche d'un avantage concurrentiel dans 1'industrie aérospatiale repousse les limites
des matériaux couramment utilisés pour la construction aéronautique. Le Mg n'a pas été utilisé en
raison du risque d'incendie per¢u que ce métal posseéde. Cependant, sa faible densité (1,7 g/ cm3)
représente un atout a ne pas sous-estimer. Ce potentiel a conduit les entreprises aéronautiques et
les producteurs de magnésium a collaborer avec I’ Administration Fédérale de 1’ Aviation (FAA)
dans le but modifier les normes en matiére d'ignition du magnésium. Le Mg pur s'enflamme a
environ 650 ° C et les alliages couramment utilisés, AZ (aluminium-zinc) et AM (aluminium-
manganese), ont une température d'ignition encore plus basse. Aujourd’hui, seul deux alliages de
Mg contenant des terres rares ont été identifiés comme ayant réussi le nouvel essai d'inflammabilité

FAA / SAE des alliages de Mg (WE43 et Elektron 21 ™).

La présente thése vise a étudier le potentiel du Sr et le Ca pour le développement d'alliages
de Mg résistant a l'inflammation. L'utilisation de ces éléments a été motivée par la nécessité de
développer des alliages de magnésium résistants a l'inflammation qui ne dépendent pas
uniquement de l'utilisation d'éléments obtenus a partir de terres rares. Les résultats présentés dans
cette thése ont démontré que l'utilisation simultanée de Sr et de Ca dans le Mg améliore la
formation d'une couche d'oxyde compact a des températures élevées. Cette couche d'oxyde se
développe a l'interface gaz / oxyde, ou le CaO se forme principalement a 1'état solide, tandis que
le SrO devient prédominant a I'état liquide. Un nouveau parametre, le Rapport Effectif Pilling-
Bedworth, a été¢ développé dans cette étude. Il s'agit du rapport entre le volume de I'oxyde
composite formé et le volume du substrat en alliage de Mg. Les additions doivent avoir une valeur

EPBR supérieure a 1 et une énergie d’oxydation libre de Gibb plus négative que le Mg afin
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d’assurer la formation d’un oxyde composite relativement mince mais compact dans 1’alliage de

Mg.

Un facteur important a été isolé; celui de la vitesse de chauffage qui régit la température
d'inflammation des alliages binaires Mg-Sr et Mg-Ca. Il a été découvert que, bien que I’utilisation
de vitesses de chauffage différentes ne modifie pas de manicre significative la température

d’inflammation du Mg pur, il existe des modifications importantes dans certains systémes binaires.

Les alliages de Mg-Sr ont présenté le changement le plus spectaculaire, allant de ’atteinte de
températures comprises entre 750 et 800 ° C en ajoutant 1-2,4% en poids a I’inflammation dés que
les alliages étaient fondus (~ 640 ° C). Les températures d'inflammation des alliages Mg-Ca
n'étaient influencées que par la vitesse de chauffage seulement lorsque des teneurs de 2 et 3% en
poids de Ca étaient ajoutées. L'alliage de Mg-1Ca % en poids ne semblait pas affecté. L'analyse
microstructurale et superficielle des deux alliages binaires a révél¢ l'existence de mécanismes sous-
jacents non signalés auparavant. Les différences observées dans les alliages Mg-Ca ont été
attribuées a la formation de bassins eutectiques en fusion au cours de 1'état semi-solide, qui s'est
révelée étre thermodynamiquement plus résistante a I'oxydation que les composés intermétalliques
solides une fois que I’état semi-solide a €t¢ atteint. Pour les alliages binaires Mg-Sr, il a été constaté
que la faible affinité du Sr pour 1'oxygene contre le Mg entrave son efficacité en protégeant l'alliage
lorsqu'un taux de chauffage €levé est utilisé; provoquant une oxydation abondante a partir des
régions inter-dendritiques et en développant une couche d'oxyde non protectrice avec de fortes
contraintes internes. Une faible vitesse de chauffage favorise la formation de bassins riches en Sr,
ce qui permet a son tour la formation d'une couche continue de SrO a l'interface gaz / oxyde,

empéchant une oxydation supplémentaire pendant 1'état liquide.
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Chapter 1 - General Introduction

1.1 The Importance of Mg for the Aerospace Industry

Magnesium is a material of interest for the aerospace industry due to its lower density (1.8
g/cm?) compared to other structural materials like aluminum (2.7 g/cm?) or titanium (4.5 g/cm?).
Due to the growing concern to reduce fuel consumption and the search to obtain a competitive
edge in airplane performance, the development of Mg alloys has regained interest in the last

decades. It is known that the use of less dense materials, along with a proper design, represents a
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significant improvement over the use of structure-efficient heavy materials [1], such as high
strength steels.

When compared to polymeric materials, Mg has better mechanical properties, electrical
and thermal conductivity and, unlike some composite materials, has the potential to be recycled
[2], reducing the waste generated during manufacture and at the end of their life-cycle. Magnesium
use is also of interest for space applications due to its ability to withstand ozone-free radicals,
shortwave electromagnetic radiation, and high energy particles, [3]. Considering the high expenses
required to place vehicles, satellites, and other payloads in orbit, Mg would be a viable alternative
to reduce the structural weight imposed by other heavier materials. These characteristics are the
basis for the long-standing interest in magnesium for aeronautic applications, particularly in the
military aircraft. During WWI, Mg production raised to 3000 pounds per year for different
applications, but after the end of the war, its production stopped being profitable and remained
being used mostly for pyrotechnics [4]. However, Mg production for the aeronautic industry took
importance during the WWII, where the production of Mg reached above 160,000 metric tons in
the U.S. to produce airplanes such as B-36 bomber which contained 8620 kg of Mg components
[5]. After WWII, the difficulties to translate Mg use from warplanes to civilian use was magnified
by its costly fabrication. Even when pure Mg and pure Al could be produced at a similar price, the
fabrication of Mg components was three times higher [6]. The U.S. production of Mg went down
to only 5300 metric tons by 1946, while the plants that existed in Germany were dismantled and
taken to the USSR. The Korean War brought a new impetus to Mg production that reflected on the
increase of production capacity in the U.S. by Dow Chemical [7]. Peacetime applications of Mg
ranged from automotive use by VW in the 70s with AS41 (Mg-Al-Si), AZ91(Mg-Al-Zn) for

structural applications and ZE41(Mg-Zn-RE-Zr), or QE22 (Mg-RE-Ag-Zr) for engine components




Chapter I - General Introduction

on several military and civilian aircraft [8]. Thorium containing Mg alloys reached impressive
strength levels but were discontinued due to the radioactivity of thorium [9].

The rise and fall in Mg production continued through the century, but the perceived
limitation of Mg regarding corrosion and ignition has limited the use of this metal in structural
applications. The weak corrosion resistance was addressed by the development of different surface
treatment technologies and the development of Mg alloys with controlled impurity levels [10-15].
Development of alloys for the automotive applications included the AJ62 (Mg-Al-Sr) alloy used

in the BMW 3.0-liter engine block [16] and AE44 alloy used in the Corvette engine cradle [17].

The aerospace industry is more weight sensitive, but largely refrains from the use of
magnesium alloys due to its deficient oxidation and ignition resistance. The use of magnesium in
commercial aircraft inside in seat components; seat spreaders, backrests, armrests, rear legs, and
front legs, overhead bins, and doors [18] (as shown in Fig. 1), could lead to a 30% reduction in
weight. However, major industrial players such as Airbus, Boeing, and Embraer did not adopt the

use of Mg [19] due to challenges that needed to be overcome.
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Fig. 1.1. Components in the commercial aircraft cabin (a) and seat assembly (b) with the potential

to be manufactured in Mg. A detailed image of the cast and extruded seat components is shown in

(c) [18].

In commercial aircraft, the use of Mg as part of cabin components must comply with specific

requirements established by the Federal Aviation Administration (FAA), due to the perceived in-

flight and post-crash fire hazards [20]. In recent years, tests performed by the FAA [21]

demonstrated that Mg ignition resistance is highly composition-dependent, where regular

commercial alloys such as AZ (Mg-Al-Zn) series have poor performance, while rare earth-

containing alloys, such as WE43 (Mg-Y-RE), offer a safer alternative during flammability tests.
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The SAE Aerospace Standard AS8049 was revised in August 2014 [22], which opened the door

for the development of new magnesium alloys that could be not only as part of the seat structure

but in overhead ducts, galley, lavatory, and floor components as well [23]. Recently, the European

Aviation Safety Agency started the revision of the conditions defined by the FAA [24].

Table 1.1. Alloy design parameters for the development of commercial aircraft cabin Mg

components
Requirements | The parameter Target quantities Comments | Ref.
Ignition Self-ignition Ti > 750 °C (induction furnace) WE43 [25]
Temperature | temperature Ti > 644 °C (resistance furnace) WE43 [26]
(Ti)
Flammability | Time to burn tp > 2 minutes Ch. 25 of the | [27]
Test with sustained | W1 <10 % m, FAA Fire
ignition (ti) & Safety
weight loss (w1) Handbook
Mechanical Ultimate tensile | WE43 Alloys [21]
Properties strength, UTS =250 MPa; e=2 % approved are
ductility Elektron 21 listed on the
UTS =280 MPa; € = 5% FAA  report
Elektron 43 (Wrought, Longitudinal) | DOT/FAA/T
UTS =352 MPa; e=11.5% Cl13/52
Process: 1. Castability, WE43 (Castability and extrudability)
1. Cast fluidity, and Elektron 21 performance
2. Wrought | porosity. (Castability).
2.
Extrudability,
formability
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Currently, only the alloys Elektron® 43 (a wrought version of WE43) and Elektron® 21
by Magnesium Elektron are considered safe to be used as part of the seat structure in civil aircraft
after eight years of work to remove the previously mentioned ban [28]. Because these alloys have
passed the flammability tests defined by the FAA to be deemed safe and having in mind that
flammability/ignition resistance is mostly dependant on the chemistry of the alloy, new alloys
developed should reach or surpass at least WE43 capabilities. Table 1 shows a summary of some
characteristics relevant to the development of future alloys that could be used as part of cabin

components.

1.2 Objective of the Research: The Development of Mg Ignition
Resistant Alloys

The ignition behavior of an alloy with several phases is very complicated. The mechanisms
have not been well studied, but the formation of MgO through an exothermic reaction, which
increases the surface temperature leading to Mg vaporization, is the main factor in the ignition of
Mg alloys. There are consequently ways proposed to improve the ignition resistance of Mg by
reducing/minimizing MgO formation:

(1) By forming a protective oxide scale: Use alloying elements that form an oxide scale which
reduces the contact between the metal and an oxidizing agent and consequently minimizes the
exothermic reaction that forms MgO. (ii) By designing a self-healing oxide scale: using elements
in the alloy that oxidize preferentially when the oxide scale cracks, again minimizing MgO. (iii)
By altering the surface chemistry to form phases with a lower tendency to MgO formation. These
effects can be enhanced by alloying with surface-active elements which segregate to the surface

of the solid or liquid Mg alloy. The consequence is the reduction of the Mg content on the surface
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exposed to the oxidizing environment and the selective oxidation of the surface-active elements,
resulting in a reduction of the Mg vaporization.

The two ignition resistant alloys that have currently passed the FAA flammability test both
contain rare-earth additions. It is strategically vital to develop alternate alloys that eliminate the
dependence on rare-earths. The long-term objective of this thesis work is to develop ignition
resistant Mg alloys using alloying elements calcium (Ca) and strontium (Sr), which are known to
be surface-active in magnesium. Sr is selected because of its surface-active behavior and proven
effectiveness for ignition resistance demonstrated by our research group [29]. The improvement
was attributed mainly to the surface enrichment of Sr, which can prevent the Mg evaporation due
to the formation of MgO and consequent ignition. However, high amounts of Sr could lead to
reduced mechanical resistance. Hence, its weight percentage must be reduced to improve the
mechanical performance, while maintaining the ignition resistance. Ca, on the other hand, is an
element whose oxide (CaO) is more stable in terms of Gibbs energy than MgO, making it a suitable
candidate for ignition resistance. Its capacity as an ignition-improvement alloying element in Mg
has been previously reported [30-36]; however, the mechanisms of Ca in improving the ignition
behavior as a function of composition are not well understood.

Hence, this thesis aims to understand the various factors affecting the ignition of Mg-Ca and

Mg-Sr alloys and to find the underlying mechanisms affecting their ignition temperature.

1.3 Thesis Structure and Chapter Description

The present manuscript contains 10 chapters, including the current general introduction.
Chapter 2 consists of a literature review of the relevant topics required to understand the ignition
behavior of Mg, along with a summary of the research progress made to date. Chapter 3 describes

the experimental set up used to synthesize the used alloys and the furnace configuration used for
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the ignition testing. Some details concerning the microstructural and oxide scale characterization
are presented as well. Chapter 4 evaluates the feasibility of a Mg-Sr-Ca system as an ignition-
resistant alloy, while Chapter 5 contains the work made for the analysis of the heating rate effect
on Mg-Ca binary alloys. Chapter 6 concentrates on the in-depth analysis of the ignition mechanism
of the Mg-3Ca alloy when heated using two different heating rates. Chapter 7 describes the effect
of heating rate in Mg-Sr alloys and the in-depth analysis of a Mg-2.4 Sr alloy. A general discussion
is presented in Chapter 8, finally, the conclusions of the work and the suggestions for future work

are presented in Chapter 9.
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In this chapter, Section 2.1 explains the basics of Mg ignition and Section 2.2 presents the
fundamental concepts related to oxidation at high temperatures. Sections 2.3 and 2.4 give the
background on the high-temperature oxidation behavior of Mg along with mechanisms proposed
in the literature for improving the ignition resistance of Mg through alloying. Section 2.5 reviews
the literature on studies undertaken for improving the ignition resistance of Mg via the alloying
route. Finally, Section 2.6 describes the Ignition and Flammability Tests conducted on Magnesium

Alloys.

2.1 The Ignition of Mg

The susceptibility of a substance to undergo ignition depends on the formation of vaporized
molecules which form a gaseous mixture with oxygen, causing combustion at high temperatures
[1]. Accordingly, Mg ignites when there is a strong reaction between Mg vapor and oxygen, and
not through a reaction directly at the metal surface [2]. A significant surface temperature increase
is required to vaporize Mg and undergo ignition. Fassell et al. [3] defined the ignition temperature
as an “explosion temperature”, which is the point where Mg oxidizes vigorously, and a flame
appears. This is because Mg oxidation represents a driving force for ignition due to the heat
generated by this reaction. They defined the ignition temperature of pure Mg as 623 °C under an
oxygen atmosphere. Furthermore, Hill et al. [4] defined the spontaneous-ignition temperature as

the point where the heat generated by oxidation surpasses the heat dissipated by the surface. Mg
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vapor oxidation would increase exponentially due to the temperature dependence of this
phenomenon, leading to eventual ignition, as shown in Fig. 2.1; the ignition temperature is the
intersecting point between the curves representing the heat loses (due to conduction, convection,
radiation or melting) and the heat generated by oxidation when the metal temperature is plotted

against the heat flow rate.
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Fig. 2.1. Curves are defining the increase in metal temperature due to the oxidation and the losses
due to convection, radiation, and conduction. The intersection between these two curves defines

the spontaneous ignition temperature as defined by Hill et al. [4].

In the observations made by Derevyaga et al. [5], when Mg is held at its melting temperature
(650 °C) under an oxidizing atmosphere, protuberances are formed at the surface which
proliferates through pores or cracks in the oxide scale. The heat evolved from the surface reaction
alone is insufficient for the thermal breakaway to take place. However, the surface temperature
increase would promote Mg vaporization. In sections such as cracks and pores in the oxide scale,
the vapor generated would react with the oxygen resulting in a thermal breakaway and

consequential ignition. It is possible to see the intimate relationship that exists between Mg ignition
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and high-temperature oxidation behavior. Avoiding vigorous oxidation of Mg is the primary

concern when an increase in Mg ignition temperature is searched.

2.2 Fundamentals of High-Temperature Oxidation

In general terms, high-temperature oxidation (also known as gaseous oxidation) occurs
when a gas such as oxygen reacts with a metal, without the existence of an electrolyte. This process
starts with the adsorption of oxygen over the metal surface. Since the physical adsorption bond of
oxygen to the metal surface is not stable (<6 kcal/mol), oxygen chemically interacts with the metal
through chemisorption, creating a stronger bond (>50 kcal/mol). This first layer is formed by
atomic oxygen; if there is more oxygen available, the molecular oxygen piles up over the outer
layer. Eventually, the chemisorption of molecular oxygen layer takes place, energetically favoring
the transition from an adsorbed layer to an oxide scale that nucleates at metal imperfections such
as edges, steps, and lattice defects (Error! Reference source not found.2.2), which are sites that

favor the multilayer adsorption of oxygen [6] .

Sites for oxide nuclei

%

Fig. 2.2. Schematic diagram describing the preferential oxide nucleation at the metal surface

imperfections. Redrawn from [6].

The formation of the oxide scale due to the interaction of a metal and oxygen can be

expressed via two partial chemical reactions [7]:

~0;,+2¢" > 072 (1)
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M - M?*t + 2e” (2)
Where the overall reaction is:
M+ >0, - MO 3)

In reaction (1), oxygen is reduced to oxygen anions at the oxide/gas interface, while in
reaction (2) the metal is oxidized to metal cations at the metal/oxide interface where the oxide
scale allows mobility of both ions and electrons. Here, vacancy formation due to an interstitial ion
from a lattice position (Frenkel defect) and vacancy formation due to a missing anion-cation pair
(Schottky defects) [8] allow the ionic mobility, and hence, the reaction between these defects is
considered to be a chemical reaction. For oxides with a predominantly ionic character such as
MgO, the dominant reactions are those that maintain the compound stoichiometry. Hence, cations
and anions diffuse trough lattice-defect sites and interstitial spaces, however, because of the higher
electron mobility, the ionic conductivity will control the oxidation rate. A schematic diagram for

this process is shown in Fig. 2.3.

~®+.\
e\__»
|
|
-

Oxide -

Fig. 2.3. The schematic diagram for the high-temperature oxidation of metal in oxygen. Redrawn
from [7]. Metal vacancies formed due to cation formation are denoted as V.., while vacancies

formed due to anion formation are denoted by V.
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The self-diffusion of ionic species can be either intrinsic or extrinsic [9]. Intrinsic diffusion
represents the case when the diffusing species displace through the lattice due to thermal energy
available and, by consequence, it is highly dependant on very high temperatures. This type of
diffusion possesses high activation energy, which becomes higher for oxides formed by lighter
metal ions, making it more challenging to take place. On the other hand, extrinsic diffusion
depends on the existence of impurities and defects in the oxide scale and becomes the dominant
mechanism at low temperatures. The mobility of ionic species may define the oxidation rate when
the oxide scale represents a barrier for the contact between a metal and oxygen. However, the

oxidation kinetics may follow a different trend in some cases, as explained in the next section.

2.2.1 Kinetics of Oxidation

When the oxidation rate of a metal surface is controlled by oxide growth, it will depend on
the increase of the oxide layer thickness or its gain weight. However, if oxidation is independent

of the thickness of the oxide scale formed (x), then the oxidation rate is defined by [10]

dx
P kq (D

Integrating (1) yields
X = kt, 2)

where k, is the linear rate constant and depends either on oxygen adsorption or oxygen partial
pressure. This behavior can be observed where the oxide layer does not prevent the metal from

interacting with oxygen
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When diffusion through a continuous oxide scale becomes the controlling process, the
transport mechanism can be attributed to concentration gradients [11]. In this case, a parabolic

behavior that continuously reduces the oxidation rate can be observed, resulting in
X? = 2k,t. 4)

where k,, corresponds to the parabolic oxidation constant. The oxidation kinetics can also follow
a logarithmic rate law when subjected to oxidation at low temperatures or with a gradual increase
in temperature. In this model, a rapid increase in weight can be observed at the beginning, followed
by an almost negligible increase. This can be attributed to an electrical field formed by the potential
difference between the metal and the adsorbed oxygen, which leads to ion migration through the
oxide layer almost independent from the temperature [12], where the film growth is controlled by

the movement of mass, not the electron transfer [13].

A combination of trends can also occur. In the work presented by Pettit et al. [14], the
transition from linear to parabolic rate law is observed during the high-temperature oxidation of
iron in a CO-CO; mixture. At early stages where the oxide layer is thin, the oxidation rate is
controlled by the formation of CO from CO; and the consequent adsorption of oxygen through the

surface, with a thick oxide layer, the transition towards a parabolic rate law can be observed.

2.2.2 Thermodynamics of Oxidation

The tendency of an element to react with oxygen can be a useful tool to predict the oxide
formation when a metal is subjected to high-temperature oxidation. This phenomenon represents
a crucial factor for the ignition resistance of Mg and its alloys. It can be measured through the

change in Gibbs energy for an oxide formation reaction.
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The free Gibbs energy, according to the International Union of Pure and Applied Chemistry
(IUPAC), is the “thermodynamic quantity equal to the difference between the enthalpy of a system
and the product of the thermodynamic temperature to the entropy of this system” [15] and can be

defined by equation 9:
G=H-TS=U+pV-TS, (5)

where H represents the enthalpy, S entropy, T temperature, U internal energy, p pressure, and V
the volume. Under constant temperature and pressure conditions, a chemical reaction can undergo
only if the total Gibbs energy decreases, as the equilibrium state (when dS=0) coincides with its
minimum value [16]. According to the second law of thermodynamics, if the change in Gibbs
energy is lower than 0, the reaction will undergo spontaneously. A value equal to 0 defines the

equilibrium state, while a value above 0 represents a non-spontaneous reaction.
In general terms, the Gibbs energy of a chemical reaction is determined by:

AG°reaction = AG°Products - AG °Reactants ( 6)

where AG® represents the Gibbs energy change under standard state conditions. If it is necessary
to calculate the Gibbs energy change at non-standard conditions (e.g., high temperature, variable

activities), we can define the change in Gibbs energy as:

c d
AG = AG°geqction + RT In (Zg_%g) (7)

AQB

where “a” represents the activities (or partial pressure for ideal gases) of every component in the

reaction as:

aA+bB =cC+dD (8)
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Fig. 2.4. Ellingham diagram for selected oxides. Calculated using FactSage™-FT lite software.

The most negative value for Gibbs energy change would define which oxide in a system is
more likely to form, without considering kinetic factors. In Ellingham Diagrams (Fig. 2.4), the
value of AG versus temperature is plotted, creating straight lines that define the trend of an oxide
formation, considering 1 mol of Oz. This can give us an insight into the oxides more likely to form
when a metal interacts with oxygen, where the lower values correspond to more stable oxides. In
Error! Reference source not found.2.4, an Ellingham diagram for selected oxides is shown. As
can be seen, Mg has one the highest affinities for oxide formation, making it more prone to oxidize
in comparison to other elements. Notably, Ca in the same group of the periodic table has a higher

affinity than Mg.
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The oxygen activity in the Ellingham diagram assumes of 1 mole of O> reacting with a given
element. However, the oxygen activity in the system also influences the outcome of oxide

formation. The chemical reaction between a metal and oxygen can be written as:

When the activities of the metal and the oxide are taken as 1, the partial pressure at which both

species exist in the system can be defined by:

M/MO, _ AG° (10)

where R represents the gas constant and T the temperature [17]. If the activities of both metal and

oxide are different from 1, equation 8 can be written as:

M/MO0O, @
pgg = poz/ 2 ::;2 (]])

The resulting pressure is commonly named decomposition pressure. This pressure can determine
the existence of oxide over a metal surface. For example, in the case of Wiistite formation [10]

which has a pg:O equal to 1.2x10°"> atm, no oxide will be formed until the oxygen partial pressure

reach this value. If oxygen partial pressure is higher, the iron will oxidize until enough oxygen is

consumed to lower the value below 1.2x107"° atm.

2.3 The High-Temperature Oxidation of Mg

Mg ignition resistance can be related to its high-temperature oxidation behavior, as the
formation of non-protective oxide scales results in a free contact between Mg vapor and O. When
Mg enters in contact with the atmosphere, it oxidizes through the following exothermic reaction:

2Mg + 0, - 2Mg0.
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The process starts with the oxygen adsorption on the surface, followed by the formation of MgO
islands on the surface and continues with the growth of the oxide scale [18]. Mg is one of the
metals with the highest oxygen affinity, but unlike other active materials like aluminum, which is
protected by a passive Al,Os layer, the MgO layer formed will change its behavior as the
temperature is increased. MgO (also known as periclase) is a rock salt structure oxide (NaCl) which
melts at 2852 °C, and a vaporizes at 3600 °C, making it resistant to degradation at high
temperatures. It has a single cation site and a single anion site, for each one has octahedral
coordination [19].

The MgO non-protective behavior is mostly attributed to the geometric mismatch between
the hexagonal structure of Mg with the oxide layer formed on the surface, which leads to high
compressive strain and eventual cracking [20]. However, at room temperature, the oxide scale
formed over the surface of Mg provides protection against further oxidation due to its amorphous
nature [21]. Once the metal surface has been completely covered, further oxidation at the surface
will proceed by the diffusion of Mg* ions through MgO towards the oxide/gas interface. It was
noted by Gulbransen [22] that the existence of a uniform oxide scale is just an approximation,
given the fact that the grain orientation may affect the growth of the oxide scale in a polycrystalline
metal. After the initial oxide formation, oxide growth continues through the formation of a fine
mosaic structure randomly oriented (Error! Reference source not found.2.5). Further growth
(thickness from 50 to 100 A) would result in the formation of crystals following the original crystal
habits. Addiss [23] indicated that the growth of MgO would be influenced by the crystallographic
orientation of Mg. It was noted that oxide growth was faster in the basal plane than in the prismatic
plane at initial stages of oxidation at 400 °C, but this trend changes after an oxide thickness of 70

A, when the oxidation rate for the prismatic plane surpasses that of the basal plane. This was
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attributed to structural changes in the oxide as the oxide shows a stronger preferred orientation in
the basal plane than in the prismatic plane. From this point on, oxidation of Mg would proceed
through two main mechanisms: (a) diffusion of Mg and O ions through the oxide scale and (b) the

use of fast diffusion paths such as grain boundaries and defects.

| OXIDE

—] METAL

Fig. 2.5. Relationship between surface oxidation and grain orientation [22].

For scenario (a), and as mentioned in section 2.2, ion mobility within an oxide scale will
have a significant impact on its behavior as a barrier for oxidation. Diffusion through MgO is
mainly extrinsic. Hence it depends on the presence of vacancies for oxide growth. The
displacement of a Mg or O ion to an interstitial site to create a vacancy (Frenkel defect) is
energetically unfavorable when the enthalpy of formation of this defect is compared to the enthalpy
of vacancy formation through the absence of an ionic pair (Schottky defect) [24, 25]. This makes
the presence of vacancies in the lattice the dominant mechanism of ion transport through the oxide
scale. It is important to note that though the displacement of smaller ions could still be possible in
MgO for elements such as Be [19]. As previously explained, the former would depend on the
presence of point defects and diffusion through the scale, making the process slower compared to

other faster routes.

In the scenario (b), fast diffusion paths such as dislocations and grain boundaries play an
essential role in Mg oxidation. Sakaguchi et al. [26], analyzed the contribution of dislocations to

the effective diffusion of Mg ions through MgO. It was determined that diffusion is enhanced by
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the presence of dislocation arrays when the dislocation density is higher than 8.1x10!> m?, and
this contribution increases towards low temperatures (experiments were performed between 1100
and 1300 °C). In another study, Sakaguchi et al. [27] observed that a significant increase in
diffusion through dislocation arrays, affects Ca>" ions as well, even though the activation energy
for this ion diffusion does not differ significantly between lattice and dislocation diffusion. The
observed change was then attributed to the higher vacancy concentration in the dislocation pipe.
Regarding grain boundaries, Hashimoto et al. [28] demonstrated that diffusion of oxygen ions
through MgO grain boundaries is significantly faster compared to its diffusion through the lattice.
This is especially important if we have in mind that diffusion of Mg ions through the MgO lattice
is the dominant mechanism. Mg can also diffuse through MgO oxide grain boundaries significantly
faster, as its activation energy is two thirds lower compared to the lattice diffusion activation

energy [29].

Because of the nature of MgO cation mobility, it will tend to generate internal stresses to
keep contact with the metal. This is because the metal atoms diffuse outwards during the oxidation
process, leaving a depletion zone leading to the formation of voids in the oxide scale. Hence zones
like corners and edges are more prone to ignition, as the protective ability of the oxide scale
depends on the plasticity of the oxide to creep and maintain contact with the surface [17].
Increasing oxidation by either route will lead eventually to ignition if the temperature is
continuously increased, as the MgO protective behavior observed is lost at higher temperatures.
Gulbransen [30] defined that weight gain due to oxidation of pure Mg below 475 °C follows a
parabolic rate, which is evidence of the formation of a protective oxide scale that retards oxidation
and evaporation. However, at temperatures above 475 °C, the oxide scale starts to follow a linear

trend, and Mg evaporation takes place, caused by the formation of a discontinuous cellular film
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that does not offer protection for further oxidation. At this point, oxidation will proceed rapidly
through direct evaporation where Mg evaporation is controlled by a rate defined by an Arrhenius

relation [31] of Kgvap (g/cm? sec) = 0.6 exp - 25 000/RT.

This analysis reveals that the formation of MgO is clearly insufficient to prevent ignition
once the temperature rises towards Mg melting temperature (650 °C). Alloying Mg with other
elements modifies its oxidation behaviour. However, the modification of the oxide scale may not
be enough to improve the ignition resistance. Thicker oxides usually lead to cracking and spalling
changing the kinetics and the mechanisms of oxidation. The next section describes the factors

governing the oxide scale formation and ignition of Mg alloys

2.4 Alloying Effects on Oxide Scale Formation and Ignition of Mg

Studies show that the addition of alloying elements to pure Mg can have a significant effect
on its high-temperature oxidation resistance and its ignition resistance. The mechanisms governing
these interactions are Reactive Element Effect (REE), Pilling-Bedworth Ratio (PBR), and the

Wigner-Seitz Radius (WSR), which will be discussed in this section.

2.4.1 The Reactive Element Effect (REE)

The Reactive Element Effect (REE) consists in the addition of trace amounts of reactive
elements such as Y, Ce, Hf, Gd, and La among others (not necessarily rare-earths) to improve the
oxidation resistance of Mg alloys [32]. This effect is different from the common hypotheses that
the formation of a compact and protective complex oxide scale between the oxygen/gas and the
oxide/metal interfaces is needed to slow down oxidation and ignition. The REE hypothesis, on the
other hand, centers on the hypothesis that the diffusion of the reactive element ions towards the

native oxide grain boundaries (which are regions for preferential diffusion compared to the oxide
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lattice) may block the outward metal cation diffusion through these channels, limiting the
oxidation to the inward diffusion of oxygen. However, a more in-depth analysis of the mechanism

behind the reduced oxidation rate is still required to fully understand this hypothesis.

A different approach regarding reactive elements is presented by Bobryshev et al. [33], where
the ignition temperature of Mg was increased significantly with the addition 0.7 wt% of Er, Dy,
Gd and Nd and 0.5 wt% of Y. The improvement was attributed to the modification of the oxidation
sequence of Mg, where the more negative Gibbs energy of formation of the reactive element oxides
modifies the growth sequence of the overall oxide scale. This concept has roots in the fact that
reducing the oxidation of Mg, which is exothermic reduces the increase of surface temperature and

the vaporization Mg that would lead to ignition.

2.4.2 The Concept of Pilling-Bedworth Ratio (PBR) on Mg Ignition Resistance
The Pilling-Bedworth Ratio (PBR) can be defined as the relation between the volumes of

oxide formed from a certain amount of metal substrate and the metal itself, and can be calculated

as follows [34]:

PBR = Loxide (12)

Vmetal

In the case of alloys, this value can be affected by both crystal structure and lattice
constants, where a difference between the structure of the base metal and the alloy would lead to
a difference in PBR [35]. It is generally considered that a PBR > 1 could mean the formation of a
less porous oxide layer, as it is more compact and continuous, while a value below 1 could lead to
a less protective porous oxide layer, as in MgO (PBR = 0.81). A PBR higher than 1, could lead to
sizeable compressive stress along the oxide scale, will lose adhesion to the metal surface and

eventually crack through spallation or blistering [36]. Both outcomes will result in weak oxidation
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resistance. Some authors have attributed increases observed in ignition resistance to the high PBR
of the oxides formed on the surface of Mg alloys [37-39], however, other oxides like CaO or SrO,
both having a PBR<1, have a demonstrated effectiveness increasing the ignition resistance of pure
Mg (discussed in Section 2.5). However, it is important to note that with this approach, the molar
volume of the oxide is formed over the pure metal as a substrate, not over an alloyed material,
which is the case for Mg alloys containing these alkaline-earth metals. In work presented by Kim
et al. [40] some Mg binary systems are tested, where the PBR and the Gibbs energy of oxide
formation are considered as criteria for alloying elements selection. However, even though
elements such as Pr and La possess high oxygen affinity and PBR>1, the ignition temperature

improvement was significantly low.

2.4.3 Wigner-Seitz Radius and Surface Segregation

Certain elements can be surface active in metals and lead to surface compositions that are
more concentrated than the bulk both in the solid and liquid states. Surface activity is possible
because the elements decrease the surface energy of the metal. Surface-active elements can
minimize MgO formation by the fact that they decrease the Mg content of the surface and thereby
reduce MgO formation and the resultant surface temperature increase and the eventual Mg
vaporization.

One approach to predict the surface segregation of elements in metals is presented by
Yamauchi [41] using a binary jellium model for a solid solution. This model defines that when the
Wigner-Seitz radius of the solute element is larger than the solvent of the solution, then the surface
segregation will take place because of the accompanying reduction in surface energy. The Wigner-
Seitz (W-S) radius can define the degree of compactness of a material, as it is the radius that one

atom occupies in a lattice [42]. The Density Functional Theory approach treats this as a system
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governed by the change in Gibbs energy, relative to the concentration gradient between the bulk
alloy and the surface. The relation between segregation potential per area (J/m?) and the W-S radius

for selected solutes at 5 at% for a Cu binary system, is calculated by Yamauchi, where p is defined

as the relation between the solute and solvent W-S radius, as p = :S"ﬂ It is demonstrated that a
solvent

value of p above 1 would lead to surface segregation, showing good agreement with experimental
data.

The application of this mechanism on Mg alloys was proposed by Aydin et al. [43], predicting
the surface segregation of Sr because its Wigner-Seitz radius is 4.5 while the W-S radius of Mg is
2.66. This is related to the smaller Brillouin zone of solute elements with a sizeable W-S radius,
which could then segregate to the surface in order to decrease the surface energy of the solvent
metal. A comparison between different W-S radii compared to Mg is presented in Table 2.1.
Elements like Ca, Y, Sr, or Er could show surface segregation as their p is higher than 1. Here Ca

can be highlighted as having the highest p and the highest potential to surface segregate in Mg.

Table 2.1. Wigner-Seitz Radius and Maximum Solid Solubility of Selected elements that could

show surface segregation in Mg according to Yamauchi rule.

Maximum Solid
Wigner-Seitz Radius

Element Solubility Ref. Ref.
(a.u.)
wt% at%
Be * * [44] 1.87 [42]
Mg - - - 2.66 [42]
Sc 24.6 14.99 [45] 3.35 [46]
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Maximum Solid
Wigner-Seitz Radius

Element Solubility Ref. Ref.
(a.u.)
wt% at%
Y 11.4 34 [45] 3.78 [47]
Er 30 5.86 [48] 3.69 [49]
Ce 0.52 0.09 [45] 3.81 [50]
Ca 1.34 0.82 [45] 4.12 [50]
Sr 0.11 0.03 [45] 4.5 [47]

*Be possesses virtually no solid solubility in Mg beyond ppm levels

2.4.4 The Effects of Second Phases and of Phase Change

The oxidation at the metal/oxide interface can be significantly influenced by the
microstructural and phase changes that take place during heating and at high temperatures. The
evolution of the microstructure includes dissolution and precipitation of the second phases, eutectic
melting, and complete melting. Since each phase has a different tendency for oxidation based on
the Gibbs free energy considerations, the evolution of the microstructure and the loss or the
appearance of second phases significantly influence the oxidation of the alloy surface and oxide

scale formation.

The multi-phase alloys also undergo selective oxidation of certain phases influencing the
ignition behavior of the alloy. In some instances, the multiphase oxidation has been reported to be
beneficial for oxide adherence and hence the cohesive strength of the oxide scale by creating an
adherent scale at the metal/oxide interface [51]. In other cases, the disappearance of the second

phase via dissolution at high temperatures has been found to be beneficial. Kim et al. [40] tested
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several binary alloys under the assumption that elements with a PBR>1, such as Pr and La, might
increase the ignition resistance of Mg. However, the results showed a low ignition temperature in
both cases. They theorized that was attributed to the low solubility of these elements in Mg (0.14
for Pr and 0.18 wt% for La). On the other hand, elements with higher solubility limits such as Y,
Gd, Dy, and Er, showed better ignition resistance when the eutectic intermetallic compounds

dissolved at high temperature forming a single solid solution phase.

The adverse effect of second phases on ignition resistance was also seen in the heat
treatment of Mg-Al alloys, as demonstrated by Mebarki et al. [52]. In their research, an AZ91 (Mg-
Al-Zn) alloy, was tested for ignition at two different heat treatment states, to be compared with the
as-cast microstructure, one solutionized at 460 °C for 24 hours and the second one artificially aged
at 200 °C for 24 hours. During an isothermal holding at 520 °C used to test their ignition resistance,
the aged alloy shows the earliest onset of ignition at 10 minutes. This was attributed to the existence
of the Mgi17Al12 second phase particles in the matrix in comparison to the single-phase solutionized

state.

Eutectic melting also influences the ignition behavior of Mg alloys. In a study on AZ91D
[53], the interdendritic eutectic regions of the alloy which melt during the semi-solid stage have
been postulated [51] to be an essential factor in the low ignition resistance of the alloy. It was
described that Mg evaporates form from the molten regions and condenses within the oxide scale
pores leading to vigorous oxidation. In general, eutectic melting in Mg-Al based alloys is deemed

detrimental to ignition resistance.

It must be noted that the main factor in the ignition of multiphase alloys or upon phase
change is the differences in Gibbs free energy change, AG of oxidation from different phases that

can alter the extent of MgO formation and thereby influence the ignition behavior of the alloy.
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Accordingly, it is expected that the existence of second phases or change of phase may either

positively or negatively influence the ignition resistance depending on AG values.

2.4.5 Third Element Effect

In a ternary system exposed to high-temperature oxidation, the third element effect occurs
when the oxide stability of the third element resides between the oxide stabilities of the other two
elements. In this case, the third element would be capable of lowering the oxygen activity at the
metal/oxide interface, thus promoting the oxide formation at lower amounts of the element with

the most stable oxide [10].

This effect can be seen in the work presented by Dunn [54], where the high-temperature
oxidation behavior of a Cu-Al system in combination with Zn is analyzed. Two alloys, Cu-29 at%
Zn - 4.7 At% Al and Cu-19 at% Al, are compared. The later alloy shows more weight gain, even
when the aluminum content is higher. This is related to the formation of a dense Al,O3 layer when
Zn is added to the alloy. In Fig. 2.6, the weight gain of a Cu-30 wt% Zn alloy at 850 °C for 3 hours,
versus the Al aluminum addition is plotted. This behavior is discussed by Wagner [55], who states
that in a Cu-Al system, a Cu,O scale is formed and the oxygen partial pressure of the metal/oxide
interface is around 0.01 at%. When the Zn is added, this concentration is 1x10° times lower at the
metal/oxide interface, making it virtually impossible to generate Al,Os internally. Because of this,
Al tends to migrate towards the surface and oxidize, thanks to its high oxygen affinity, which could
reduce the existing Cu2O and ZnO through displacement reactions. Zn could also work as an

oxygen getter, preventing this element from reaching into the alloy.
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Fig. 2.6. Weight gain (mg/cm?) of a Cu —29 wt% Zn alloy, when oxidized at 850 °C for 3 hours,

versus the weight percentage of Al in the alloy. Redrawn from [54].

This effect was reported by Fan et al. [56] for the Mg-Y-Ca system where Ca plays a role
as an oxide with intermediate stability (between Mg and Y). The effect translates into a reduction
in the amount of Y required to increase the ignition temperature up to 900 °C (from 11 to 3.5 wt%
Y) when 0.8 wt% Ca is added. The improvement was attributed to the formation of Y203 at the
metal/oxide interface, which forms a continuous oxide scale. CaO was the intermediate layer
which acts as an oxygen getter, preventing this element diffusion to inner layers. MgO was formed

at the gas/oxide interface.

2.5 Studies on the Development of Ignition Resistant Mg Alloys

Most of the research on the development of ignition resistant alloys has been conducted
during the last decade, including flammability tests, the study of oxidation kinetics and the effect
of alloying elements. Consequently, we may define three main branches of work where the ignition
resistance of Mg is analyzed: (1) commercial Mg alloys, (2) modified commercial Mg alloys and

(3) new binary to quinary Mg alloys.
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2.5.1 Commercial Alloys

Some of the other alloys used for aerospace and automotive applications (e.g., AZ91,
AMS50, and AZ31) contain Al, Mn, and Zn, which reduce the ignition temperature of the alloy
below the ignition temperature (T;) of pure Mg. The low ignition resistance (Ti = 580 °C) of AZ91
[57] alloy is mainly due to the lower eutectic temperature of the alloy. This could lead to the
formation of liquid pools over the matrix, evidenced by the formation of cauliflower oxide
morphology. This represents the breakdown of the protective oxide layer at the initial stages of
ignition and Mg evaporation from the molten areas. In another study. It is known that trace levels
of Be in this commercial alloy prevents burning and that Mg-Al casting alloys such as AZ91D are
alloyed with ppm levels of Be [58]. A study by Tan et al. [59] tested the effect of 60 ppm Be,
resulting in the formation of a fine-grained (Mg,Be)O scale, which withstood better the internal
oxide stresses and Mg evaporation, resulting in a prolonged the oxidation incubation period.
Contents as small as 10 ppm can delay the oxidation onset, improving a the same time the ignition
resistance of Mg [60]. Alloys like AM50 exhibit also a lower T; than alloys such as WE43, but

higher than the AZ91 likely due to the existence of Zn, which may change the eutectic temperature.

Particular aerospace alloys (e.g., gearbox) such as WE43 containing Nd and Y exhibit
higher Ti up to 644 °C [61]; many studies have attributed this to the to the formation of a smooth
oxide scale over the surface and crack healing with Y203 [62]. Other factors, such as the surface
activity of Y and its oxygen affinity should really be considered in understanding the exact

mechanisms.

2.5.2 Modified Commercial Alloys

There is research made towards modifying commercial Mg alloys to improve their ignition

resistance. Calcium (Ca), beryllium (Be) and rare earth elements (RE) are among the additions
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most commonly used. The mechanisms proposed focuses on the ability of these elements to

increase the compactness of the oxide scale and the crack healing ability of the oxide scale.

Perhaps, based on the differences in alloying and test conditions and the analysis techniques,
the results are usually contradictory. Be is known to improve the burning resistance of Mg alloys
[58]. Xiaoqin et al. [63] added 0.3wt% Be to AZ91 and explained the improved ignition resistance
via the surface activity of Be where it enriches at the surface of the molten alloy up to ten times
higher than in the bulk. They postulated that this enrichment increases the tightness of the oxide
layer, preventing the diffusion of oxygen towards the alloy and thus make it possible to cast
without the use of a protective atmosphere. However, other explanations have also been given: the
fact that surface activity of Be can merely minimize the exothermic reaction of MgO formation

[64].

Li et al. [65] proposed that 0.25 wt% Ce added to AZ91 increases T; up to 525 °C. Further
addition of this element is detrimental, as 0.45 wt% Ce reduces Ti to 507 °C that the authors
attributed to the formation of Al;1Ce, which forms a depletion zone around itself where the matrix
becomes vulnerable to oxidation due to its high Mg composition and forms a non-protective oxide
scale. In the same work, the effect of 0.25 wt% Ce on the T; of AMS50 was also analyzed; the
authors stated that due to its lower Al content, a lower amount of Al;;Ce would form, thus
increasing the T; up to 535 °C, (slightly higher than AZ91 with the same Ce amount with T; of 525
°C). The effect of Ce on the Ti of Mg — 9 wt% Al system was reported by Zhenghua et al. [66].
When Ce is increased up to 1.0 wt%, the T; is increased to 720 °C that they related to the surface-
active behavior of Ce in Mg. However, the above explanations seem to be plausible hypotheses

rather than the results of mechanistic studies.
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The AZ31 ignition resistance was improved by Lee [67] through the addition of Ca and
CaO. He justifies the use of CaO as a way to overcome the difficulties that could be experienced
in handling pure Ca. The results show a lower weight gain in AZ31 + 0.3 wt% Ca and 0.3 wt%
CaO alloys compared to AZ31 during isothermal holding at 500 °C, were the latter displays the
formation of a porous and loose oxide scale over the surface. Even with this non-protective oxide
scale morphology, the Ti of AZ31 increased from 578 °C to 629 °C for AZ31 + 0.3 wt% CaO and
634 °C for 0.3 wt% Ca. It is suggested that the protective behavior of the alloy cannot be attributed
to a dense protective scale due to the low PBR of 0.64 of CaO, but to the formation of CaO at low
decomposition pressures (more negative AG), which reduces MgO formation, and hence the
temperature increase due to that reaction and the eventual evaporation of Mg at the surface [67].
In another publication, Zhao et al. [68] proposed the improvement of ignition resistance of an
AZ31 alloy through the addition of La and La>Os. The T; increases from 520 °C to around 570 °C
with the addition of 0.6 wt% of La>O3 and 0.55 of wt% of La. The weight gain curves at 450°C
demonstrate that the lowest weight gain is achieved by the samples with 0.77 wt% La>Os/La
addition, while further addition leads to accelerated weight gain. This detrimental effect was
attributed to RE elements at higher percentages promoting the anion transport through the

protective oxide scale as the rich-RE intermetallic compounds fraction increases.

The use of Y has been shown to increase the Ti of AMS50 alloy by Li et al. [69] where the
lowest weight gain was observed at the optimum composition of 0.28 wt% Y when the alloy was
isothermally held at 450 °C for 60 minutes. The explanations given were the formation of a tight
Y>03 with a PBR of 1.39. The authors suggested that the adherence of the oxide scale is improved
due to the formation of a continuous Al>Os film at the metal/oxide interface. They also reported

that if the content of Y increases beyond 0.28 wt% (e.g., 1.0 wt %) the oxygen transport through
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the oxide grain boundaries increases leading to the formation of voids, local stress resulting in

cracking and decreasing the adherence of the oxide to the metal.

While the mechanistic explanations are not complete, these studies indicate that there is
usually an optimum level of the addition which is governed by the complex interplay of factors
ranging from to the nature of the scale, the to surface activity and microstructure. The studies also
show the potential effectiveness of rare earth, alkaline earth additions and Be (all surface-active in

Mg) on the ignition resistance of commercial alloys.

2.5.3 New alloy development: From Binary to Quinary Systems

2.5.3.1 Binary Systems

Binary systems have been studied mainly to understand the effect of individual alloying
elements on the ignition resistance of Mg. Ca was investigated by Sakamoto et al. [70], who
reported that the T; of pure Mg, increased up to 727 °C with the addition of 5 wt% Ca. At high
temperatures, an oxide layer composed by MgO and CaO formed on the surface with the CaO
being in the outermost layer. The increase of T; was attributed to the reduction in the Mg
vaporization. It was also suggested that the Ca on the surface could reduce the MgO at

temperatures close to the melting point of the alloy.

Another alkaline earth element, Sr, has also been used to increase the Ti of Mg. In the
investigation conducted by Aydin et al. [71], the T; of Mg is increased up to 851 °C with 6 wt% of
Sr that was attributed to the surface-active nature of Sr. For a bulk alloy composition of 6wt %, Sr
was observed to reach 30 wt% at the surface forming an oxide layer that would reduce Mg
evaporation. For the same composition, isothermal holding at 700 °C (liquid state) for 3 hours

exhibited cracking in the surface. However, the Sr enriched liquid below the oxide scale continued
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to form SrO at these fissures, reducing the MgO formation. The oxidation kinetics of Mg + 6 wt%
Sr system is presented in another publication by Aydin et al. [72], where the weight gain of the
alloy is higher than pure Mg, however the change from parabolic to linear trend is delayed

significantly, meaning that the protective behavior is prolonged through the addition of Sr.

Aydin et al. [73] demonstrated that the addition of low percentages of Nd to Mg that forms
dilute single-phase a-Mg(Nd) solid solution alloy where the T; increases up to 770 °C; the
formation of a Nd>O; scale at the metal/oxide interface that reduces the MgO formation at the
outermost layer was reported to be the main factor in the increase of ignition resistance. When the
Nd percentage is increased and a two-phase alloy forms, a heterogeneous oxide scale is seen where
the surface of the Nd-rich compounds is mainly covered by Nd>O3, while the Mg matrix is covered
by a mixture of Nd2O3 and MgO [74]. This change leads to a change of the T; to 766 °C with the
addition of 2.5 wt% Nd. Further addition shows little effect on the ignition temperature, reaching
773 °C with 6 wt% Nd [75]. The Y addition to pure Mg has been investigated by Fan et al. [38],
who reported that the T; rises above the 900 °C with 10.6 wt% Y. However, the author suggests
that the use of this amount of Y would not be economically viable due to the high cost of Y. The
authors demonstrated that it is possible to take advantage of the third element effect, showing that

the combined addition of 0.8 wt% Ca and 3.5 wt% Y to Mg yielded a T; above 900°C.

2.5.3.2 Quaternary and Quinary systems

To reach an optimum combination of mechanical properties, and ignition resistance, some
new quaternary and even quinary Mg systems have been developed. An example of these alloy is
presented by Yu-Juan et al. [76], where the ignition temperature and the mechanical resistance of
a quaternary system Mg-Gd-Ag-Zr are evaluated. The authors report an increase in the T; to around

935 °C, due to the formation of a protective Gd203 oxide layer. The tensile strength of the alloy is
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421 MPa, and the tensile yield strength is 309 MPa. Wua et al. [77] also studied the use of Gd to
increase both T; and mechanical resistance. Their alloy is a quinary Mg-Gd-Y-Zn-Zr system. The
alloy was heated for 120 minutes inside a furnace at 730 °C, without noticeable ignition. This
resistance is attributed to the better stability of Gd>O3 and Y203 oxides over the surface. The
decomposition pressures of these oxides are lower than the decomposition pressure of MgO,
resulting in substitution reactions that could reduce the Mg on the surface, preventing the
interaction between this metal and oxygen. In other words, the formation of Gd,03 and Y203 is
more energetically favorable as their Gibbs energy of formation tends to be more negative when

compared to MgO.

2.6 Ignition and Flammability Tests in Magnesium Alloys
In this section, the different tools, technics, and factors affecting the measurement of the
ignition and flammability resistance of Mg and its alloys are presented as described in the existing

literature.

2.6.1 Factors Controlling the Ignition Temperature and Measurement

Approaches

The ignition temperature of Mg can be defined as the point where a white flame
accompanied by a sharp increase in temperature is observed. However, ignition temperature is not
an intrinsic parameter and might be modified by some experimental factors. Furthermore, it might
take place even before the metal reaches the liquid state [78]. The reported ignition temperature
for bulk Mg lies around 630 °C [79]. The determination of this temperature is controlled by several
factors that range from the heating method to the airflow and sample geometry that can affect the

temperatures measured in different studies.
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The atmosphere: The atmosphere [2] was seen to have an effect of oxygen partial pressure
and moisture in the burning of Mg, where it was concluded that burning time decreases up to ten
times as the oxygen concentration increases from 17% to 100% and that the presence of moisture
would reduce the burning time by one third with an increased moisture content. The heating rate
also plays an important role. In the work presented by Derevyaga et al. [5], lower heating rates
(e.g. longer lag times for ignition) decreased the ignition temperature of pure Mg from 768 °C with
a lag time of 11 seconds to 650 °C when the lag time is 94 seconds, where the latter equals the
melting temperature of pure Mg [80].

Heat dissipation, heating rate: The decrease of area/volume ratio of the specimen also
improves the ignition resistance. Small thin-walled specimens represent a higher fire hazard in
comparison to large pieces which require large amounts of heat to undergo ignition [81]. Here the
thermal conductivity of the alloy is also important in conducting heat away. One extreme of the
ignition risk is related to the Mg powder, which ignites at significantly lower temperatures
compared to bulk samples. As defined by Khaikin et al. [82], when the oxide scale formation is
the controlling factor for ignition, the dependence between particle size and ignition temperature
would be inversely proportional. As an example, Mg powder with a particle size of 173 pm ignites
at around 487 °C, and this temperature decreases with decreasing particle size [83]. When the
particle size reaches ~ 0.3 pum, the powder will spontaneously ignite between 5 and 53 °C
independent of other parameters such as oxygen concentration or ambient pressure [84]. Lui et al.
[61] point out the difference between the use of an induction furnace and a resistance furnace,
which could be attributed to the fact that in an induction furnace, the interior of the sample has a
higher temperature compared to the surface. On the other hand, the resistance furnace increases

the sample temperature from the surface to the bulk, making the scratches and edges preferential
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sites for the onset of ignition due to the formation of irregular oxide scales in the solid-state, which
may result in lower ignition temperatures once the alloy reaches the liquid state. If the oxidation
rate is fast enough, the resulting heat from the reaction will overbalance the dissipated heat, leading
to ignition [85] caused by the local vaporization of the metal. An approach where this factor is
considered is presented by Takeno and Yuasa [86]. Here, the ignition temperature is measured as
a function of the temperature of an air stream which heats up an Mg disk which indicated that the
results are strongly time-dependent. The critical temperature for Mg ignition was established as

606 °C for which the time for ignition is the longest.

2.6.2 Determination of Magnesium Flammability

The flammability resistance could be defined as the resistance of a material to undergo
combustion, in the presence of an external flame. Materials can be divided into three main
categories according to its flammability resistance [87], considering they possess the dimensions
required for its intended application:

e Fireproof: A material capable of withstanding fire as well as steel.
e Fire-resistant: A material capable of withstanding fire as well as aluminum alloys.
o Flame resistant: The material does not propagate flame after the removal of the heat

source.

o Flash resistant: The material does not burn violently when it starts to ignite.

One of the main differences between the ignition tests and flame resistance resides in the
fact that the last is considered time-dependent, which means that the sample is exposed to a flame
until it ignites, compared to ignition resistance test where the temperature of self-ignition is the
point of interest. However, it is essential to consider that both tests are affected by temperature and

time; e.g., samples heated at a slower rate will show a reduce ignition temperature, while samples
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exposed to a low-temperature flame, will show a prolonged ignition time, as both processes are

governed by the oxide growth [78].

Orifice plate flowmeter

Vertical orientation

Fig. 2.7. Schematic setup of the cone calorimeter [88].

A method to determine the ignition temperature and the self-extinguishing behavior of
some commercial alloys was proposed by Liu et al. [89] with the use of a cone calorimeter (Fig.
2.7) (ZE10, AZ31, and WE43). The cone calorimeter test procedure is standardized in the ASTM
1354-16 [90] and consists of the use of an electrical source of heat, which increases the temperature
of the sample until it reaches its ignition point. Then, the heat released can be determined via the
oxygen consumption method, as the flame and the gas flow rate are calculated by the flow that
crosses an orifice plate in the exhaust duct [88]. Liu reported the ignition temperature of the
samples when subjected to a radiant intensity of 65 kW/m?, as well as the time required for the
flame duration, pointing the ZE10 alloy as the one with higher ignition temperature and shorter

flame time.
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Specific approaches have been proposed for the measurement of magnesium flammability.
An experimental setup (Fig. 2.8) to measure the flammability resistance was proposed by Prasad
et al. [91], applied to determine the effect of Al and Y on pure Mg flammability and the
flammability of several binary systems [92]. In their research, a magnesium rod sample is exposed
to the flame of an oil burner while its temperature is measured using two thermocouples positioned
at different distances from the contact point. During these tests, the time to ignition was consider
along with the existence or not of detached blobs, and the time they required to cease ignition if it

occurred at all.
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Fig. 2.8. a) Experimental setup for the measurement of flammability resistance in Mg alloys [96],

(b) flame temperatures measured at different distances from the end of the nozzle.

Later, the Federal Aviation Administration (FAA), developed both laboratory and full-
scale tests. The latter was developed using a 20 ft. long steel cylinder which is inserted between
two halves of Boeing 707 fuselage, with an opening of 40 by 80 inches which represents a rupture
in the fuselage. A square 8 by 10 ft. fuel pan was situated outside the rupture, filled with 55 gallons
of JP-8 fuel and ignited to emulate a post-crash fire [93]. The schematic representation of this
experimental setup is presented in Fig. 2.9a. The seat frame is exposed to flame for 5 minutes, and

then it is allowed to burn for 5 additional minutes before attempting to extinguish it with water
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(Fig. 2.9b). The results indicate an excellent performance of WE43 alloy, while AZ31 is qualified

as poor performance material [94].
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Fig. 2.9. (a) Schematic of the full-scale flammability test for magnesium alloys, where the existence
of a post-crash fire entering the cabin is simulated [93]. (b) FAA full-scale tests, where an external

fire can enter in contact with the cabin seats through a rupture on the fuselage [94].

To determine a wide range of scenarios where the flammability of magnesium alloys would
be tested, a laboratory-scale test was also developed. The experimental setup is presented in the
Aircraft Materials Fire Test Handbook [95] developed by the FAA. The chapter 25 of this
handbook, describes the use of an apparatus (Fig. 2.10) composed of a gun-type burner fed by
kerosene fuel type (Jet A or JP-8), which is pointed towards a plate sample of a thickness of 6.4
mm, height of 38.1 mm and 508 mm length, with one of the faces orientated horizontally at 10.2
cm from the burner cone and 2.5 cm above the burner centerline. It is required that the sample

resist at least 2 minutes without ignition while losing less than 10% of its original weight.
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Fig. 2.10. Schematic representation of the burner and sample holder for the FAA flammability test.

Redrawn from [95].

2.7 Strategy for Ignition Resistant Mg Alloy development

Considering the factors controlling Mg ignition presented in Section 2.4, certain potential

elements for the development of ignition resistant Mg alloys can be selected (Table 2.2). Sr and

Ca have the highest surface activity based on Wigner-Seitz Radius (Table 2.1). Ca, Y, Er, and Sc

have high oxygen affinity (higher than Ce, La or Nd) as shown in Fig. 2.11; they also have high

solid solubility at high temperatures (Table 2.1).

Table 2.2. Potential Elements for Improving the Ignition resistance of Mg

Surface activity Solid solubility High Oxygen Affinity
(Table 2.1) (Table 2.1) (Fig. 2.11)
Sr, Ca, Er, Sc, Sc, Y, Er,
Ce, Y, Er Y, Ca Ca, Ho
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Many combinations of alloy chemistries can be considered based on the candidate elements

shown in Table 2.2. In the present study, the strategy is to develop Mg alloys without rare earth

additions. Due to its potential toxicity, Be is also not selected. The alloying elements selected are

consequently Ca because it satisfies all four potential requirements shown in Table 2.2, and Sr is

selected for its surface-active behavior.
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Fig. 2.11. Gibbs energy of formation for alkaline-earth and rare-earth elements at 700 °C.

Elements like Y, Sc, Er, and Ho show high oxide stability. Calculated through FactSage™-FTlite

database.
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Chapter 3 - Experimental Methods

In this chapter, the experimental procedures followed to obtain the results presented in this
thesis are described. The casting process followed to synthesize the samples is presented in section
3.1, the ignition temperature setup is shown in Section 3.2, Section 3.3 shows an overall
description of the characterization techniques used, and finally, Section 3.4 addresses possible

sources of error.

3.1 Casting Process

The samples were produced via a permanent mold casting process, using a Norax induction
furnace (20 kW/5 kHz) to melt Mg at 690 °C under a protective SF¢/CO; protective atmosphere
and a graphite crucible to contain the melt (Fig. 3.1). The mold used for the casting was constructed

in H13 tool steel and was coated with a boron nitride solution.

Fig, 3.1. To the left, the casting process using the Norax induction furnace and the protective

CO/SFs atmosphere. To the right, the spruce and plate specimens at the end of the process.
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Alloying additions to be made into a pure Mg initial charge were calculated to make a total
charge of between 500 and 600 grams. Pure Mg (99.5% purity). was supplied by Magnesium
Elektron Limited; pure Sr was provided by Timinco Metals LTD and Ca was added using a Mg-
30 wt% Ca master alloy provided by Timinco Metals LTD. Recovery rates of 85 % for Sr and 80
% for Ca were considered to compensate for the additional losses during the casting process.

Pure Mg was placed in the graphite crucible and heated at 690 °C until molten; the slag
was removed from the surface and the alloying elements were added to the melt, stirring vigorously
to attain adequate mixing. The melt was held for 15 minutes to achieve a proper incorporation, and
then the slag was removed again. The temperature of the melt was raised to 715 °C prior to casting
into the steel permanent mold which was preheated at 400 °C using an SPX Blue M Electric
Mechanical Convection Furnace and sealed using steel clamps. The casting piece was composed

of a plate 6 mm thickness, a sprue, and a riser, as presented in Fig. 3.1.

3.2 Continuous Heating Test: Determination of Ignition Temperature
and Interrupted Heating Tests

Coupon samples of 15 x 15 x 6 mm were machined from the plate castings for the ignition
tests. The samples were ground with 800 grit SiC paper on all the faces. The samples for the
interrupted ignition tests were also polished on their wide face down to 0.05 um with colloidal
silica to prepare the surface for microscopic characterization. A hole of 1.98 mm (5/64 inches) in
diameter was drilled in one of the narrower faces to attach a K-type thermocouple covered with a
316L stainless steel sleeve (required to protect the thermocouple at ignition). The thermocouple
was used to measure the temperature at the center of the sample. The temperature changes were

recorded using a Grant Squirrel data logger (2020 series).
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For complete ignition tests, the samples were placed in a Lindberg Blue vertical resistance
furnace and heated continuously at two different rates of 25°C/ min (Low Heating Rate — LHR)
and 45°C/ min (High Heating Rate — HHR) under a constant flow of extra dry air at a rate of 0.9
L/min. For the experiments on the Mg-Sr-Ca system (Chapter 4), only the HHR rate was used in
the ignition tests. The FAA test presented in Section 2.6.2, suggest that samples are exposed to a
very high heating rate. To correlate this to the ignition test presented in this work, we can assume
that a sample could potentially comply with FAA standards by reaching an ignition temperature
of ~750 °C using an HHR which is the temperature of the WE43 alloy, as previously mentioned
in Table 1.1. This alloy is deemed as flammable-resistant by the FAA. The experimental set up is
shown schematically in Fig. 3.2.

Furnace
controller

Data

logger
and

Laptop

}

or argon
Furnace with

sample setup

Fig. 3.1. Ignition temperature/interrupted ignition test setup.

During ignition tests, the temperature was increased continuously using a target
temperature of 1150 °C. The test was stopped when a sharp increase of temperature was observed,
that was identified when a change of more than 5 °C was detected between an interval of 2 seconds.

Usually, once Mg reaches ignition, the detected temperature can increase up to 1200 °C.
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For the interrupted ignition tests, the samples were marked using a Vickers micro-hardness
tester in the as-cast state so that the evolution of the oxide formation and microstructural change
could be monitored. The samples were heated under identical conditions; however, once the target
temperature of the interrupted test was reached, the furnace chamber was flushed with Ar to
quickly reduce the sample temperature and finally remove it from the furnace. For the samples in
Chapter 4, ignition tests were performed 3 times for each sample. For chapters 5 and 7, ignition
tests were repeated twice to confirm the observed results over the composition range of the alloys

tested.

3.3 Sample Characterization

Several characterization techniques were used to investigate the underlying mechanisms
behind the ignition of the Mg alloys. Chemical analysis of the alloys was obtained via Inductive
Coupled Argon Plasma, and Atomic Emission Spectroscopy (ICAP-AES) conducted by the
NADCAP certified laboratory Genitest Inc. The ICAP-AES technique requires the digestion of
Mg chips into an acid solution to dissolve them and then vaporize them using a plasma torch. This
transforms the solution into excited atoms and ions in the gaseous state, which emit photons as a
relaxation effect to return to the ground state. The characteristic wavelength of these photons is
detected by the instrument, and their detection frequency is then used to determine their

concentration in the dissolved material [1].

3.3.1 X-Ray Diffraction (XRD)

XRD was used to determine the intermetallic compounds in the as-cast alloy samples. The
samples were placed inside an X-ray Bruker diffractometer equipped with a Cu Ko radiation
source of A= 1.54060 A; between 15° and 110° for 20. The phase-detection through XRD in the

materials analyzed in this work is limited by two important factors. First, the phase volume fraction
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present in the material must be above 3% to be properly detected. Hence the presence of smaller
volume fraction phases present in the material becomes virtually impossible using this technique.
This drawback can be overcome using a Transmission Electron Microscope (TEM) and then
perform Selected Area Diffraction (SAED), which will be further explained in Section 3.3.3.
Second, the signal detected by XRD come from a volume within the hundreds of micrometers
from the surface of the material. This becomes a limitation for the analysis of thin oxide films,
which are typically in the order of a few micrometers or less. This can be solved by using Grazing
Incidence X-Ray Diffraction (GIXRD), which consist in analyzing the sample using a low
glancing angle (lower than 10°), which will result in information being collected from a region

closer to the surface due to the modification of the Bragg-Brentano geometry [2].

3.3.2 Scanning Electron Microscopy (SEM)

The oxidized top surfaces were analyzed using a Hitachi SU-3500 Scanning Electron
Microscope equipped with Energy Dispersive X-ray Spectroscopy (SEM/EDS). A Backscattered
Electron (BSE) detector was used to analyze the microstructural features of the samples in the as-
cast state and after the high-temperature oxidation processes (interrupted ignition tests and
isothermal holdings). An accelerating voltage of 15 kV was used for general observation except
for the cases where overlapping features would make the observation difficult, in which case an
acceleration voltage of 10 kV would be used. However, as in XRD, the analysis of thin oxides
composition may become difficult when an EDS detector is used due to the mixed signal coming
from the large interaction volume caused by the electron beam interacting with the sample. The
EDS analysis is still helpful to analyze some features in a longitudinal direction to the surface,
however, for a more detailed compositional analysis in the transversal direction, X-ray

Photoelectron Spectroscopy (XPS) was employed, as described in Section 3.3.4.
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The use of a higher resolution SEM was required for certain analyses when extraction of
phases for TEM analysis was required. A Helios Nanolab 660 Dual-beam (H660) equipped with
Focused Ion Beam (FIB) was used for this purpose, which uses Ga as liquid metal ion source. The
microstructural features were identified by using a Secondary Electrons (SE) detector prior to
extracting the samples. The sample containing the phase of interest was further analyzed using

Transmission Electron Microscope (TEM) (Fig. 3.3).

Fig. 3.2. (a) Secondary phase to be extracted from a Mg-3 Ca alloy using a tip (b) to extract it
after the ion beam separates it from the bulk alloy. The sample is then placed in a TEM holder (c)

for further analysis.

3.3.3 Transmission Electron Microscopy (TEM) and Scanning Transmission

Electron Microscopy (STEM)

A FEI Tecnai G* F20 200 kV Cryo-Scanning Transmission Electron Microscope (TEM)
was used to investigate features that could not be resolved with the Hitachi SU-3500 SEM. Both
Scanning Transmission Electron Microscopy (STEM) and Selective Area Electron Diffraction
(SAED) modes were employed. The STEM with EDS mapping mode was used to determine the
composition of the oxide scales covering the samples after oxidation tests. The SAED diffraction
patterns enabled the determination of the crystal structure and nature of the phase of interest. The

patterns obtained were then compared to simulated patterns obtained from the PDF-4+ 2018




Chapter 3 - Experimental Methods

diffraction database, making sure that d-spacings, R ratios, and angles corresponding to the pattern

observed. The results were confirmed through the CrysTBox-diffractGUI software [3].

3.3.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a tool that allows the analysis of very thin films, as the depth of analysis is about 10
nm. This advantage makes XPS a valuable tool for the analysis of oxidized surfaces and the
creation of composition profiles through the sample.

The basic principle of XPS consists in the use of an X-ray source directed towards a sample,
which can be obtained from either a Mg or Al target, to cause a photoemission effect on the surface
atoms of a sample. The instrument measures the kinetic energy of the photo-emitted electrons,
which is then used to calculate the binding energy of a given element, which will be independent
of the X-ray source employed. This binding energy (BE) is determined by the following equation
[4]:

BE =hv—E,—W,
where hv is the photon energy, E}is the kinetic energy of the photon emitted electron and W is the
instrument work function. This excitation will generate a variety of signals [5], but the following
are of main interest in the present work:

1. Photoelectron peaks: Peaks resulting from the photoemission process, which are the most
intense observed lines in the spectra.

2. Auger peaks: Peaks arising from the Auger photo-emission, which is the result of a vacancy
at an inner electron shell, resulting in a relaxation effect where an electron from a higher
shell moves to that level, causing the emission of an electron form its former shell.

3. Multiple splitting: Peaks observed in elements with unpaired electrons in the valence band,

resulting in two possible states arising from the splitting of the orbital.
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An important feature of XPS is the possibility of determining the chemical state of a given
element (i.e., Mg, MgCO3, MgO) through an observed chemical shift on its binding energy. In this
work, reported values for Mg [6, 7], Ca [8-10], and Sr [8-13] were used to determine the chemical
state of each element when required.

The equipment used in this study was a Thermo Electron ESCA 2000 XPS, with an Al Ka
(1438 eV) source and a spot size of 400 um. Pass energy of 200 eV and a step size of 1 eV were
used to determine the chemical composition of the oxide scale (also known as survey spectra),
while a high-resolution scanning spectrum was collected using a pass energy of 50 eV and a step
size of 0.1 eV to perform high-resolution scans. For each state, a single profile was obtained due
to the lengthy process of first detecting the metal oxide interface and then adjust the analysis depth
to a representative range. The analyzed area, however, is large and hence representative of the
surface characteristics of each sample.

A compositional depth profile of the surface was obtained by gradually removing layers of
the surface via an Ar ion beam, with a rate of 0.68 nm/second when Ta»Os is etched, which is the
reference material of the instrument for the removal process. The compounds present in our oxide
scales have a lower hardness than Ta>Os. Hence the actual depth might be larger. The samples
were etched until a Mg metallic component was detected at the deepest etching levels. The
detection of the Mg metallic component allows the determination of an approximate position for
the oxide/metal interface, considering that oxygen would always be present during the analysis
despite the etching, due to the low decomposition pressure of Mg, Ca and Sr. The Mg KLL region
was collected to determine the depth where the Mg photoemission occurs in both metal and oxide
states, i.e., an approximate region of the metal/oxide interface. The use of the Mg KLL peaks

ensures the detection of the metallic component without the need for peak deconvolution due to
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the large chemical shift observed in Mg Auger transitions. The data was analyzed using the
Advantage -Thermo Fisher Scientific software. In case of charging, the spectra were corrected by
aligning the binding energy scale with the Cls elemental peak (285 eV). In case the C signal was
too low at deeper etching levels, the position of the metallic Mg substrate peak would be aligned

at49.6 eV.

3.4 Sources of Error

The initial possible source of error in the ignition test is the furnace employed. Most of the
ignition temperatures reported in the literature were measured through continuous heating tests,
but the method used to heat the sample can lead to different outcomes. Lui et al. [14] point out the
difference between the use of an induction furnace and a resistance furnace. In an induction
furnace, the interior of the sample has a higher temperature compared to the surface, while a
resistance furnace increases the sample temperature from the surface to the bulk. It is inferred that
the scratches and edges become preferential sites for the onset of ignition due to the irregular oxide
film formed, resulting in lower ignition temperatures. In this work, a resistance furnace was used,
as explained in Section 3.2. To avoid the influence of surface finishing in the full ignition tests, all
samples were ground down to an 800-grit paper finishing on the six faces right before the ignition
test was conducted.

Another source of error comes from the attachment of the thermocouple of the sample. The
hole where the thermocouple is attached must be consistently at the middle of the sample body,
which is close to 7.5 mm from one of the narrow faces surface. Otherwise, the thermocouple could
move if the hole is too shallow once the sample reaches the liquid state, resulting in either a false

temperature reading or an early ignition due to the breakage of the covering oxide scale.
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Particularly in XPS, the work with reactive metals such as Mg, Ca, and Sr would result in
complications during the analysis. This is because of the high oxygen affinity of these elements;
the sample surface oxidizes even inside the test chamber between etching steps (during the analysis
stage) when a depth profile is performed. The vacuum inside the chamber is around ~1x1078 bar,
which is not enough to prevent completely Mg, Ca or Sr oxidation. Hence, it was important to
perform the collection only of the peaks of main interest for each test, avoiding excessive delays
between etching steps. Another problem encountered in XPS analysis was the differential charging
through the oxide scale. Despite the use of a flood gun, there was a displacement of ~-0.45 eV in
the depth profile spectra. However, this displacement sometimes would not be the same for every
oxide layer in the same sample. This required a detailed charging analysis of every layer if a high-
resolution spectra deconvolution was required.

The quantification of Ca present in the alloy surface required special considerations. The
Ca2p doublet peaks usually collected interfere with the Mg KLL Auger region in the range
between 360 and 344 eV, leading to complications for both compositional analysis and chemical
state assessment. Hence, the Ca2s peak was considered for the compositional analysis, using a
relative sensitivity factor (RSF) of 2.106 to determine an approximate amount of Ca present in the
surface. The Ca2s peak was collected using a high-resolution scan to confirm the chemical state

of this element.
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Chapter 4 - The Ignition Behavior of a
Ternary Mg-Ca-Sr Alloy

In this Chapter, an initial approach to develop ignition resistant Mg-Sr-Ca alloys is presented. As
mentioned in Section 2.7, both Sr and Ca are elements that have desirable characteristics to
increase the igntion resistance of Mg, with the additional advantage of avoiding the use of rare-
earth elements present in current commercial igntion-resistant alloys such as WE43 or EZ21. The
proposed additions made are 2.5 wt% Sr and 1.0 wt% Ca according to criteria explained in section

4.1.

This paper was published in “Villegas-Armenta, L.A. and Pekguleryuz, M.O. (2020), The Ignition

Behavior of a Ternary Mg—Sr—Ca Alloy. Adv. Eng. Mater.. doi:10.1002/adem.201901318”.
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Abstract

In this work, a Mg—Sr—Ca alloy is evaluated for ignition resistance. The simultaneous use
of Sr and Ca results in an ignition temperature increase of 110 °C compared to pure Mg. This is
attributed to the formation of a compact oxide scale due to the modification of the native MgO
scale. A new parameter, the effective Pilling—Bedworth ratio (EPBR), which is the molar volume
ratio between the oxide formed and the substrate alloy, is developed. The EPBR of the composite
oxide forming on the Mg—Ca—Sr alloy is found to be greater than 1, resulting in a protective scale
due to the increased volume occupied by the oxide at the surface. In the solid state, the oxide scale
is rich in CaO, with the SrO contribution being minimal. In the liquid state, StO contribution

increases.

4.1 Introduction

The use of Mg alloys for cabin components in commercial aircraft represents an option to
decrease the overall weight of the airplane to reduce fuel consumption. However, the flammability
of Mg has been an impediment to its wide usage. The MgO formed on the surface is loose and
porous [1] and cannot prevent further contact between oxygen and Mg after the initial oxidation
stage. It is reported that the local heating produced by the oxidation reaction would vaporize Mg,
due to its high vapor pressure [2,3]. The eventual interaction between oxygen and Mg gas would
result in ignition [4], consuming the metal with an intense white flame [5]. The main concern for
the use of Mg components in civilian aircraft is the risk of fire in a postcrash scenario. The presence
of fire dramatically reduces the survival probability of the passengers. The Federal Aviation
Administration (FAA) report “Evaluating the Flammability of Various Magnesium Alloys During
Laboratory and Full-Scale Aircraft Fire Tests DOT/FAA/AR-11/3” describes a full-scale

flammability experiment [6]. Commercial alloys such as AZ91 and AMS50 have even lower
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ignition temperatures than pure Mg, and their use would mean an increased risk of postcrash fire
[6] as the addition of Al and Zn reduces the ignition resistance of Mg [7]. The ignition resistance
of Mg is considered to be composition dependent [8], as the addition of different alkaline earth
(AE) and rare earth (RE) elements increases the ignition resistance of Mg and its alloys [9]. Mg
has a higher oxygen affinity than other metals such as Fe and Al and, therefore, it would be
oxidized preferentially, resulting in the formation of a porous MgO scale [10]. The use of high-
oxygen-affinity elements can reduce the interaction of Mg with oxygen, through their selective
oxidation, forming a compact oxide scale or the reduction of MgO formed; for example, Ca
partially reduces MgO due to its particularly high oxygen affinity, creating a more compact oxide
scale [11]. There are several other factors involved in selecting alloying elements to improve the
ignition resistance of Mg [12,13], such as matrix solubility, oxygen affinity, and oxide
characteristics. It has been suggested [14,15] that the use of alloying elements that have an oxide
with a Pilling-Bedworth ratio (PBR) higher than 1 creates a protective oxide scale on the alloy
and therefore increases the magnesium ignition resistance. The PBR represents a ratio between
oxide molar volume over the pure metal molar volume [16]. In the case of alloys, this value can
be affected by both crystal structure and lattice constants, where differences between the
characteristics of the pure metal and the alloy would lead to a significant difference in PBR [17].
Another approach is the use of surface-active elements to reduce the amount of Mg available for
oxidation on the surface. Yamauchi [18], through a density functional theory approach, stated that
the Wigner—Seitz (WS) radius of an element predicts the surface-active behavior of the element in
an alloy. A solute element with a WS radius larger than that of the solvent would be surface active.
In the case of Mg, elements such as Y (3.78),[19] Ce (3.81),[20] Be (3.92),[21] Ca (4.12),[22] and

Sr (4.5)[23] would be surface active due to their larger WS radius compared with that of Mg (2.66)




Chapter 4 - The Ignition Behavior of a Ternary Mg-Ca-Sr Alloy

[21]. Recent years have seen several studies devoted to developing ignition-resistant Mg alloys
with alloying additions [22—45]. Those studies focused on the addition of alloying elements to Mg
commercial alloys, the testing of binary Mg alloys, or the development of higher order systems

using a variety of AE and/or RE

In this work, the combined use of Sr and Ca is proposed to potentially increase the ignition
resistance of Mg. Aydin et al. [31] have reported significant improvement in ignition resistance
with a Mg—6 wt% Sr alloy. This was attributed mainly to the surface enrichment of Sr and the
subsequent formation of SrO that can decrease the amount of MgO formed and, therefore, reduce

the drastic increase in surface temperature, thereby reducing the evaporation and ignition of Mg.

In this study, a ternary Mg-Sr-Ca alloy with the composition of Mg-2.5 wt% Sr-1.0 wt%
Ca is proposed. The addition of 2.5 wt% Sr is based on previous studies [29, 31] where an increase
of the ignition temperature to 786 °C is seen at this level of Sr, with only small improvement at
higher Sr levels. On the other hand, Ca shows a solid solubility in Mg of 1.34 wt% at 516.5 °C.
The solid solubility of Ca is an advantage because the dissolution of eutectic phases at elevated
temperatures and the generation of a single-phase alloy can create a homogeneous oxide layer at
the metal-oxide interface [45]. Hence, a 1.0 wt% Ca addition was selected. The objective of our
current research was to understand the role of Ca and Sr on the ignition resistance of Mg. The
long-term objectives would include the evaluation and optimization of the alloys for mechanical

performance in structural applications.

4.2 Experimental Procedure
The alloy was synthesized using a Norax Induction Furnace (20 kW/5 kHz), under a

protective SF¢/CO2 atmosphere. Pure Mg supplied by Magnesium Elektron Limited with a purity
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0f 99.9 %, Mg-30 wt% Ca master alloy provided by Timinco and pure Sr provided by the same
company were used. Pure Mg was melted at 690° C under a CO,/SFs protective atmosphere using
a graphite crucible; commercially pure Sr and Mg- 30 wt% Ca master alloy were added, and melt
was held for 15 minutes to allow the dissolution of the alloying elements. The alloy was poured at
730 °C in an H13 tool-steel mold coated with boron nitride which was preheated to 400 °C to
produce a plate casting 6mm in thickness. The composition of the alloy was obtained through
Inductively Coupled Plasma Argon Plasma and Atomic Emission Spectroscopy (ICP-AES),
performed at the NADCAP certified laboratory Genitest Inc. The alloy composition resulted in
2.47 wt% Sr and 1.04 wt% Ca, along with impurities such as Fe, Mn and Si that together
represented only 0.049 wt%.

Samples with dimensions of 15x15x6 mm were cut from the plates for ignition testing,
placed in a Lindberg Blue resistance furnace and heated continuously with a heating rate of ~45
°C/min, blowing extra dry air inside the furnace at a rate of 0.9 L/min. The presence of water
vapour was reported to increase the oxidation rate of magnesium (experiments take place well
beyond water vaporization temperature) [53]. The samples were held inside a steel crucible with a
K-type thermocouple attached in a hole of 1.98 mm of diameter drilled in the sample. The
temperature change was monitored with a Grant Squirrel data logger (2020 series).

For the isothermal heating tests, samples of 15x5x6 mm were cut from the plates. Two
temperatures, 500 °C (solid-state) and 670 °C (liquid state) were used. For isothermal heating tests
in the solid-state, an SPX Blue M Electric Mechanical Convection Furnace was used. The furnace
was preheated to 500 °C, then the samples were placed in the furnace and held for 15, 60, and 180
minutes. The isothermal heating tests in the liquid state were performed in a Norax induction

furnace (20 kW/5 kHz), using a current between 4 and 8 A. The samples were heated with a rate
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of 12 °C/min up to 670 °C to reach the liquid state and were held for 15 minutes. Further holding
would result in the ignition of the sample.

The oxidized surfaces of the samples were analyzed via a Hitachi SU3500 Scanning
Electron Microscope and Energy Dispersive X-ray Spectroscopy (SEM/EDS). An accelerating
voltage of 15 kV was employed to obtain the images and for the EDS analysis. The samples were
indented using a Vickers hardness tester to follow up the changes taking place in the solid sample
heated isothermally at 500 °C.

Thermo Scientific K-Alpha X-Ray Photoelectron Spectroscopy (XPS) was used to analyze
the oxide scale formed on selected samples from the interrupted ignition tests. A pass energy of
200 eV and a step size of 1 eV were used to determine the chemical composition of the oxide scale
(also known as survey spectra), while a high-resolution scanning spectrum was collected using a
pass energy of 50 eV and a step size of 0.1 eV to identify the chemical state of an element when
needed. A 400 um diameter region was utilized to obtain a compositional depth profile of the
surface by gradually removing layers of oxide scale via an Ar ion beam, with a rate of 0.72
nm/second when TaOs is etched, which is the reference material of the instrument for the removal
process. The compounds present in our oxide scales have a lower hardness than Ta;Os. Hence the
actual depth might be more extensive. The sample was etched until a metallic component of the
Mg alloy was detected at the deepest etching levels. C was removed from the elemental
quantification for clarity of the results. Due to the high oxygen affinity of Mg, the sample surface
oxidizes even inside the test chamber between etching steps when a depth profile is performed
(vacuum inside the chamber is around ~1x1078 bar). Hence, the detection of the Mg KLL metallic
component in the survey scans was used to determine the oxide/metal interface, considering that

oxygen would be present during the analysis. The chemical shift of Mg in this region makes it
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easier to detect the metallic component [54]. The region where this component was detected is
indicated with a red dotted line in the XPS depth profiles. In case of charging, the spectra were
corrected by aligning the binding energy scale with the Cls hydrocarbon contamination peak to
285 eV. Certain factors had to be considered to determine the amount of Ca present in the alloy
surface. The Ca2p doublet peaks interfere with the Mg KL1L23 Auger peak in the range between
360 and 344 eV [55], leading to complications for both compositional analysis and chemical state
assessment when Mg content is high at a specific etching level. Hence, the Ca2s peak was
considered for the compositional analysis in the survey scans, using a relative sensitivity factor
(RSF) 0f 2.106 to determine the amount of Ca present in the surface. For the high-resolution scans,
if the region analyzed was rich in Ca and Mg content was low, the habitual Ca2p region was

deconvoluted.

4.3 Results
4.3.1 Thermodynamic Simulation and SEM/EDS Analysis of the Cast Alloy

In Fig. 4.1, an isopleth calculated using FactSage-FTlite™ with a constant composition of
1.0 wt% Ca and variable Sr wt% is shown. The dotted line represents the composition of the alloy
where the phase selection below 500 °C is predicted to be the intermetallics Mg>(Ca, Sr) and
Mg17Sr2 along with the a-Mg matrix. The solidus temperature of the alloy is 514 °C, and the
liquidus temperature is 636 °C. At 520 °C, there is a narrow region where Mg>(Ca, Sr) phase
dissolves into both the matrix and Mg17Sr; intermetallic compound. Due to its eutectic nature, the
Mg>(Ca, Sr)/a-Mg eutectic micro constituent and Mg;7Sr; are predicted to melt at 561 °C, leaving

behind only a fraction of the a-Mg matrix until the alloy reaches a fully molten state.
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Fig. 4. 1. Mg-XSr-1.0Ca isopleth (calculated using FactSage-FTlite™ with a constant composition
of Mg-1.0 wt% Ca and variable Sr wt%). The dotted line represents the composition of the alloy

which is predicted to have below 500°C the intermetallics Mg2>(Ca,Sr) and Mg7Sr> and a-Mg.

The SEM micrographs of Mg-2.5Sr-1Ca alloy are shown in Fig. 4.2. The alloy possesses
the a-Mg matrix containing a low amount of Ca in solid solution (marked A in Fig. 4.2). This is a
result of supersaturation due to the fast solidification of the alloy in the permanent mold. The
eutectic a-Mg/Mg>Ca (C14, MgZn; type) predicted by thermodynamic simulations is also seen in
Fig. 4.2 (marked B), exhibiting a lamellar cooperative growth morphology. This intermetallic
compound (MgzCa) contains a certain amount of Sr, which can occupy the same sublattice
positions as Ca due to their similar characteristics. [46] The intermetallic will be referred to as
Mg>(Ca, Sr) from here on. A bulky interdendritic phase gives Mg, Sr and minor Ca peaks (marked
C in Fig. 4.2) which are attributed to the Mg7Sr> (hP38, Nij7Thy type) phase predicted by
thermodynamic simulations. This intermetallic has been reported to have limited Ca solubility [47]

and will be designated as Mg;7Sr2(Ca) from here on.
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Fig. 4. 2. SEM/BSE micrograph of as-cast Mg-2.55r-1Ca alloy. (A) A small amount of retained
Ca is present in the matrix due to fast solidification of the permanent-mold casting. (B) A Mg-
Mg:Ca eutectic micro constituent is present; this compound has some Sr solubility as well. (C) Sr

is concentrated mostly at the Mg;;Sr> intermetallic, which has a little solubility of Ca.

4.3.2 Ignition Temperature (T,

The T; of the alloy was measured to be 747 £ 16 °C, while the T; of pure Mg is 634 + 2 °C. This
indicates an increase of ~110 °C. An example of the heating curves generated is presented in Fig.
4.3. The 45 °C/min heating rate corresponds to the initial linear temperature increase observed at
the start of the Time vs Temperature curve in Fig. 4.3. It is important to note that the measured
temperature corresponds to the center of the Mg sample in the middle of the furnace, hence, other
factors such as melting (heat of fusion), and heat dissipation would continuously modify the curve

slope in later stages of the experiment.
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Fig. 4. 3. Example of the temperature vs. time curves obtained during ignition tests. The ignition

point is characterized by a sharp increase in temperature.

4.3.3 Isothermal Holding Tests

Isothermal holding tests at 500 °C were conducted on the alloy to monitor the evolution of the
oxide scale at 15, 60, and 180 minutes. An isothermal holding test was also conducted at 670 °C

for 15 minutes to observe the oxide scale formation on the molten alloy.

4.3.3.1 Oxide evolution on the solid alloy at 500 °C

The SEM-backscattered electrons (BSE) micrographs in Fig. 4.4 show the microstructure
evolution of the cast Mg-2.5Sr-1Ca alloy during isothermal holding at 500 °C. Figure 4.4a is the
alloy in the as-cast condition. After 15 min of isothermal heating at 500 °C (Figure 4.4b), the
Mg>(Ca,Sr) eutectic micro constituent starts losing its lamellar morphology and undergoes
spheroidization. The Mg;7Sr2(Ca) intermetallics do not seem to alter. As the isothermal holding
time increases to 60 minutes (Figure 4.4c), a larger fraction of the lamellar eutectic micro

constituent Mg>(Ca,Sr) continues spheroidizing. Small, round, and bright particles are also seen
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near the lamellar region. After 180 minutes holding at 500 °C (Figure 4.4d), Ca-rich particles
precipitate out from the supersaturated matrix. The EDS analysis shown in Figure 4.4f indicates
that Sr is present mainly at the interdendritic region, while Ca is present in the matrix,

concentrating as well in the round particles.

b) 15 minutes at 500 °C - | f) EDS analysis

‘\._;‘ 3 i R

Yo 50 pm

Mg

.

Fig. 4. 4. Microstructure of (a) cast Mg-2.55r-1Ca alloy and after isothermal holding at 500°C
for (b) 15 minutes, (c) 60 minutes and (d) 180 minutes, e) EDS analysis of the Mg—2.55r—1Ca
alloy after isothermal holding at 500 C for 180 min.. The same sample was used for each step, it
was placed back in the furnace to continue the isothermal heating. The same region marked

using a Vickers hardness indenter was analyzed.

The surface analysis performed through XPS at each isothermal holding step is presented
in Figure 4.5. It is seen that, as the holding time increases, the oxide thickness increases from ~250
nm at 15 minutes to ~500 nm after 180 min, as deduced from the appearance of the Mg metallic
component in the Mg KLL region. The oxide scale is composed mainly of Ca and Mg. The scale
is rich in Ca at the gas/oxide interface after 15 minutes indicating the selective oxidation of Ca in

the early stages. After 60 and 180 minutes, it is seen that Ca reaches the highest level at the mid-
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thickness of the oxide. The Ca level at the outermost surface reaches a maximum of 20 at%
throughout the duration of the isothermal holding. On the other hand, the Mg level at the outermost
surface decreases from 10 at% (15 min.) to 7 at% (60 min.) and finally towards 0.5 at% (180 min.).
In summary, Figure 4.5 indicates that the oxide scale becomes richer in Ca than in Mg in times in
excess of 60 minutes of holding. Sr remains at quantities close to zero at the outermost surface
even at 60 minutes, increasing only to 1.8 at% after 180 minutes.

1) Castand polished 1) 15 min 2t 500°C <) 60 min at 500°C d) 180 min 21 500°C
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Fig. 4. 5. XPS depth profiles of a) Mg—2.55r—1Ca cast alloy after b) 15 min, c¢) 60 min, and d) 180
min of isothermal holding at 500 C. The red dotted line indicates the level at which the Mg metallic
component is clearly visible in the Mg KLL region, marking an approximate position for the
metal/oxide interface. The Mg percentage in the outermost surface reduces over time, whereas the

Ca content tends to increase.

The shift in binding energy of the XPS high-resolution peaks was analyzed from a region
250 nm below the outermost surface (mid-thickness) of the samples isothermally heated at 500 °C
for 180 minutes (Figure 4.6). This was done to identify the precise chemical state of the elements
in the oxide scale during oxidation. This region is the middle point in the oxide scale thickness.

The Binding Energy and Full Width Half Maximum (FWHM) values for each peak were compared
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to the ones found in the literature [48-50]. It is known that alkaline earth metal oxides are prone to
undergo hydroxylation and/or carbonation when in contact with the atmosphere [51], hence, the
presence of different carbonates and/or hydroxides was expected through the analysis. For the Sr
3d5/2 region, we can observe a peak at 133.7 eV (FWHM=1.4), which corresponds to SrO, along
with a peak belonging to Sr (OH)z at 134.9 eV (FWHM=1.6). In both cases, the Sr 3d3/2 peaks are
adjusted at their respective pairs at 1.8+0.1 eV. The Ca 2p3/2 region shows the presence of two
peaks; CaO at 346.7 eV (FWHM=1.7) and Ca (OH), at 347.7 eV (FWHM=1.7). A small
contribution from a peak at 345.4 eV (FWHM=1.65) was assigned to the metallic Ca component.
The Ca2p peak doublet is separated by 3.4 eV (+0.2-0.1) in all cases. The contribution of the Mg
Auger peaks (which usually overlaps with the Ca2p region) was disregarded due to its small
contribution when compared to Ca peaks. The Ols region shows a contribution from the O*
species bonded to CaO at 529.8 eV (FWHM=1.8) and MgO at 531.0 eV (FWHM=1.6). The Mg
2p peak intensity is very low compared to the Ca 3s peak detected within its energy range, and it
displays a BE of 50.5 eV (FWHM=1.75) which corresponds to MgO. Hence, the oxide scale is
composed mainly by MgO, CaO, and a small amount of SrO along with their hydroxides formed

due to the exposure to the atmosphere.
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Fig. 4. 6. High resolution XPS analysis of Mg-2.55r-1Ca alloy after 180 min at 500 °C at a depth
of ~ 250 nm from the surface that is the middle point in the oxide scale thickness. A plot of the

fitting residuals is shown above each high-resolution scan.

4.3.3.2 Oxide characteristics on the liquid alloy at 670 °C

After 15 minutes of isothermal holding at 670 °C (liquid state), the oxide scale displays
cracks and small oxide nodules, as presented in the SEM micrograph in Figure 4.7b. The EDS line
scan shows that the nodules are rich in Sr, Ca and O (Figure 4.7c). The bright grey regions are re-
solidified intermetallic phases over which the amount of Sr is slightly higher. The XPS depth
profile (Figure 4.7c) shows a large amount of Ca (~10 at%) in the outermost region of the oxide,

as well as a high amount of Sr (~ 18 at%). The amount of Sr is much higher than the level observed
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at 500 °C after 180 minutes of isothermal holding (1.8 at%). As the analysis proceeds towards the
metal/oxide interface, Sr and Ca content starts to decline and Mg rises.

a) Re-solidified sample b) SEM micrograph

¢) EDS line scan
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Fig. 4. 7. (a) Mg-2.55r-1.0Ca alloy oxidized sample after isothermal holding at 670 °C, showing
that the sample swells and partially collapses after 15 minutes of holding. (b) SEM micrograph
of the re-solidified alloy surface. (c) EDS line scan of the oxide nodules and the re-solidified
intermetallic compounds. The red dotted line in (b) represents the trajectory of the EDS line scan.
(d) XPS depth profile of the Mg-2.55r-1Ca alloy after isothermal holding at 670 °C for 15 minutes.

Sr content has increased significantly when compared to the isothermal test at 500 °C.

4.4 Discussion
In this study, the T; of the ternary alloy Mg-2.5Sr-1Ca was determined to be 747 = 16 °C
which is higher than the T; of pure Mg which is 634 + 2 °C using a heating rate of 45 °C/min.

Isothermal holding experiments were conducted to understand the oxide-scale formation on the
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alloy when it is solid (500 °C) and when it is liquid (670 °C). The results show that the amount of
strontium oxide over liquid Mg alloy is much higher than the amount of strontium oxide over the
solid alloy. Aydin et al. [29] have observed the surface activity of Sr in molten Mg-Sr binary alloys
that leads to crack healing. However, in their work, higher ignition temperatures are reported for
Mg-Sr alloys than the ignition temperatures presented in this work. It is noted that in their work a
lower heating rate (20 °C/min) is utilized for ignition testing; for Mg-(1-6) Sr alloys, the ignition
temperatures reported range from 748 °C - 854 °C and the oxide scale is found to be rich in SrO at
the outermost surface [31]. For Mg-(0.5-5) Ca alloys, a range of ignition temperatures (690-900
0C) has been reported in the literature. [25-27, 52]

Comparing the ignition temperature 786°C of Mg-2.6 Sr [31] to the ignition temperature
747 °C of ternary Mg-2.5Sr-1Ca alloy of this study, we can see that the Ca addition has not been
beneficial in improving the ignition resistance of Mg-2.7 Sr binary alloy.

CaO formation reaction possesses the lowest AG (Gibbs energy change) values (CaO -> -
1107 kJ mol™! O2) compared to MgO and SrO formation reactions (MgO = -1036 kJ mol! Oz and
SrO = -1028 kI mol™! O). The close oxygen affinity between Sr and Mg (reflected in their similar
oxide formation AG) makes SrO formation difficult when Ca is present, as both Sr and Mg would
be displaced by Ca’s higher oxygen affinity. This explains the large amount of CaO observed in
the oxide scale formed during the isothermal holding tests at 500 °C. It is also noted that Ca is
present through the matrix and the interdendritic region due to its solubility in Mg, while Sr is
confined to the interdendritic region of the alloy. At 670 °C, when the alloy is molten, the oxide
scale is richer in Sr at the outermost surface; the oxide/gas interface has a Ca:Mg:Sr ratio of 9:1:5.
Sr and Ca oxide nodules are observed. The surface-active behaviour of Sr seems to be more

dominant when the alloy is in the liquid stage, allowing the formation of SrO due to its greater
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activity. This allows the formation of a combined SrO, MgO and CaO scale. The protective nature
of this composite oxide is described as follows.

In previous studies on the oxidation and ignition resistance Mg alloys, the Pilling-Bedworth
Ratio (PBR) has not been analyzed in-depth; the studies usually consider the PBR of the oxide
over its own metal substrate. Therefore, at first sight, it seems contradictory that CaO would
generate a protective oxide despite its PBR of 0.68; Sakamoto et al. [11] stated that CaO does not
exhibit a protective behavior over pure molten Ca despite being protective over molten Mg.
However, when a composite oxide forms over an alloy, the volume of the composite oxide over
the volume of the specific alloy needs to be assessed; as such it is possible to estimate an Effective
Pilling-Bedworth Ratio (EPBR), which takes into consideration the formation of a composite oxide

over a specific alloy. EPBR is defined as

__ Molar Volume Oxide

EPBR = M oxide.Palloy _
N Poxide-Malloy- Molar Volume Alloy.

(1)

where, M = atomic mass; p = density; and n = number of metal atoms per oxide molecule. The
oxide here is either MgO, CaO or SrO or a combination of these oxides. The metal is our ternary
Mg alloy. The molar volume of the ternary alloy has been approximated by using a density of 1.8
g cm? rater than 1.7g cm™ (for pure Mg) for the solid alloy and 1.7 g cm™ for the liquid alloy
rather than 1.5 g cm™. This results in a molar volume of 13.5 cm?® mol™! for the solid alloy and
14.29 cm® mol™! once it reaches the liquid state. Considering the molar volumes of CaO (14.99 cm?
mol ™), SrO (22.04 cm® mol™!) and MgO (11.11 cm® mol™!) and using equation (1), the EPBR of
different oxide/alloy combinations can be calculated. The EPBR of CaO/Mg alloy would be equal

to 1.11 in the solid state and 1.05 in the liquid state. StO/Mg EPBR equals 1.63 in the solid state

and 1.54 in the liquid state. SrO forms the most compact oxide scale on the ternary Mg-Sr-Ca alloy

107



Chapter 4 - The Ignition Behavior of a Ternary Mg-Ca-Sr Alloy

both in the solid and liquid states thanks to its high molar volume. As a comparison, the EPBR of

MgO/Mg alloy is 0.82, indicating a non-compact oxide scale.

Table 4. 1. The EPBR of the composite oxide on the Mg-2.55r-1Ca alloy at the Metal/Oxide

(M/O) and the Gas/Oxide G/O Interfaces at different holding times and temperatures.

500 °C, 15 minutes 500 °C, 60 minutes 500 °C, 180 minutes
M/O interface | G/O interface | M/O interface | G/O interface | M/O interface | G/O interface
(250 nm) (250 nm) (500 nm)
MgO:CaO MgO:CaO MgO:CaO MgO:CaO | CaO:MgO:SrO | CaO:SrO
~1:15 ~1:1 ~4:1 ~2:1 ~32:16:1 ~10:1
EPBR~0.84 | EPBR ~0.97 } EPBR ~1.05 | EPBR ~1.01 | EPBR ~1.03 | EPBR ~1.16
670 °C, 15 minutes
M/O interface Middle oxide G/O interface
(1000 nm) (500 nm)
Ca0O:MgO:SrO Ca0O:MgO:SrO Ca0:MgO:SrO
~4:40:3 ~3:16:2 ~5:1:9
EPBR ~0.85 EPBR ~0.89 EPBR ~1.33

Table 4.1 describes the evolution of the EPBR of the composite oxide based on the XPS
depth profile analysis. At 500 °C, in the first 15 minutes, the solid alloy forms a non-protective
oxide scale at both the metal/oxide interface and the gas/oxide interface, with EPBR values of 0.84
and 0.97 respectively. This is caused by the low amount of Ca, and Sr present at the surface at this
stage. After 60 min, a CaO/MgO scale with EPBR of ~1.05 is formed at the metal/oxide surface
and an EPBR of 1.01 at the gas/oxide interface. After 180 minutes, the scale is a CaO/MgO/SrO
composite oxide; the EPBR is 1.03 at the metal/oxide interface and 1.16 at the gas/oxide interface.
The scale is more compact on the outer surface than on the metal/oxide interface through the
isothermal heating at 500 °C, which is more protective than the MgO scale. At 670 °C, the alloy
is liquid, and the scale that forms is a CaO/MgO/SrO composite at the metal/oxide interface with
an EPBR of ~0.85, which is less compact than the metal/oxide interface when the alloy is solid.

However, at the outermost surface, the scale is a compact CaO/SrO composite oxide with an EPBR
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of 1.33, thanks to the enrichment of Sr at this stage. It is seen that while the metal/oxide became
less protective when the alloy melts, the gas/oxide interface is more compact than when the alloy
was solid. XPS indicates only an overall composition and cannot characterize the inhomogeneity
of the oxide, however, SEM/EDS results indicate the formation of a Ca rich oxide on the
intermetallics and the existence of CaO over the Mg alloy matrix.

Thermodynamic calculations demonstrate that the main three oxide species present in this
alloy are MgO, SrO and CaO at high temperatures. No spinel formation is observed or predicted.
The EPBR of MgO, SrO, CaO and the composite oxides as determined by the XPS analysis of thin
etching layers all show EPBR>1. Both the solid and liquid alloys of CaO/Mg and SrO/Mg show
EPBR > 1. If we consider inhomogeneity, the EPBR of CaO/Mg alloy is 1.11 in the solid state and
1.05 in the liquid state. EPBR SrO/Mg equals 1.63 in the solid state and 1.54 in the liquid state.
Only the EPBR of MgO/Mg alone is less than 1 (0.82). It can be deduced that the incorporation of
Ca and Sr in the alloy leads to a significant increase in the compaction of the oxide scale.

In the solid-state, the contribution of Ca is more noticeable, with Sr existing at very low
levels through the oxide scale. Here, the coexistence of Ca and Sr may not be desirable since Ca,
due to preferred oxidation and fast diffusion through MgO [52], prevents the formation of an oxide
scale rich in SrO in the solid state. We can call this a “negative interaction of Ca and Sr”. However,
once the liquid state is reached, the contribution of Sr becomes more noticeable due to it surface-
active behaviour, enriching the outermost surface of the composite oxide scale. It can be deduced
that while Sr improves the ignition resistance of Mg-Ca alloys, Ca may lower the ignition
resistance of Mg-Sr alloys. The close oxygen affinity of Sr with Mg plays a detrimental role in the

formation of a protective oxide scale when Ca is present in the alloy.
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4.5 Conclusions

The ignition resistance of an Mg-2.5Sr-1Ca alloy was tested, resulting in an increase of
approximately 100 °C compared to pure Mg. When compared to previous studies, it is possible to
observe that while the addition of Sr might be beneficial for Mg-Ca alloys; it seems that the
presence of Ca reduces the ignition temperature generally reported for binary Mg-Sr alloys. The
following conclusions are drawn based on the analyses of the present work: 1) At 500 °C, in the
solid stage, the oxide scale contains mainly CaO, while MgO at the surface decreases over time,
leading to the development of a compact oxide scale at the surface. CaO formation is favored over
SrO due to the lower energy of formation of the former. 2) At 670 C, when the alloy is molten, the
amount of SrO in the oxide scale is higher compared to the solid state. The presence of SrO
contributes to the formation of a more compact oxide scale at the oxide/gas interface than at the
metal/oxide interface. 3) The combined use of Sr and Ca does not result in a synergistic effect due
to the close oxygen affinity of Sr and Mg and due to the fact that Ca, because of its preferred
oxidation and fast diffusion through MgO prevents the formation of SrO-rich and more protective

scale over the solid alloy. This can be described as the negative interaction of Ca and Sr.
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According to the results presented in Chapter 4, it was clear that the simultaneous use of
Ca and Sr would not result in a significant increase in ignition temperature, caused by the negative
interaction between these two elements. Hence, to develop an effective ternary alloy, Chapters 5
and 6 were dedicated to identifying the mechanisms behind the ignition temperature improvement

provided by Ca, while Chapter 7 was focused on Sr.

Preliminary results demonstrated that the use of different heating rates could affect the
measured ignition temperature of Mg alloys, despite not showing changes when pure Mg was
tested under the same conditions. Hence, during the igntion testing of a range of Mg-Ca binary
alloys, it was clear that this could be influencing the performance of the previously studied Mg-
2.5Sr-1.0Ca alloy. Chapter 5 then presents an exploratory analysis of the microstructure evolution
of three Mg-Ca alloys using igntion tests interrupted at the semi-solid and liquid stages, as Mg
igntion takes place at the liquid stage. A thermodynamic approach is presented to explain the

difference in oxidation behavior of the tested alloys.
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Abstract

The ignition temperature of Mg- (1-3) wt% binary alloys have been tested at two different
heating rates: a Low Heating Rate (LHR) of 25 °C/min and a High Heating Rate (HHR) of 45
°C/min under a constant flow of extra dry air at a rate of 0.9 L/min. At both heating rates, the
ignition temperature increased with Ca in the alloy. For the LHR samples, the ignition temperature
increased from 655 °C at 0 wt% Ca to 861 °C at 3 wt% Ca. For the HHR samples, the increase in
ignition temperature was lower, from 658 °C to 787 °C as Ca increased from 0 to 3wt%. It was
observed that Ca-rich interdendritic regions, when molten in the semi-solid state, resist oxidation
more than when they are solid, an effect that can be attributed to the AG of CaO formation from
the molten and solid phases. Using LHR results in a smooth oxide scale and a higher ignition
temperature, which is related to the formation of extensive molten pools, while an HHR yielded

irregular oxidation and lower ignition temperature due to the early oxidation of solid intermetallics.

5.1 Introduction

The use of lightweight Mg has currently become essential to meet the challenge of reducing
aircraft fuel consumption. The perceived fire risk of Mg alloys had been a major obstacle to their
use in several civil aircraft applications, such as several cabin components [1]; however, the recent
evaluation conducted by SAE and Boeing have shown that the flammability of Mg alloys is
composition dependent. Studies have demonstrated that the use of rare-earths [2,3,12,4-11] and
alkaline earth metals such as Be [13—19] and Sr [20,21] have the potential to increase the resistance
of Mg to high-temperature oxidation and ignition. Calcium (Ca) is found to be one of the useful
alloying elements to increase the ignition temperature of Mg. An early study by Sakamoto et al.
[22], indicated that Ca tends to form a protective CaO oxide layer that impedes the contact between

oxygen and molten Mg and thereby retarding ignition. Further research has demonstrated
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significant improvement in Mg high-temperature oxidation resistance when Ca is added [23].
Researchers [24-27] have reported the effect of Ca in increase the ignition temperature of AZ
(Mg-Al-Zn) and AM (Mg-Al-Mn) Mg alloys while other studies [28,29] demonstrated that even
small quantities of Ca could eliminate the necessity of SFs protective atmosphere required to avoid
ignition during Mg casting or processing.

The ignition temperature of Mg alloys is not an intrinsic property [30-32]; several factors
such as sample size/geometry or atmosphere can influence their ignition behavior [33] which
makes it challenging to elucidate the mechanisms governing the ignition behavior of Mg alloys.
In this paper, the effect of another parameter, the heating rate, was observed. The ignition behavior
of binary Mg-Ca alloys was evaluated using full-ignition tests and interrupted ignition tests at 560
°C (semi-solid) and 700 °C (liquid) under two different heating rates to determine the interactive

influence of the heating rate and composition on the ignition temperature.

5.2 Experimental Method

Binary Mg-Ca alloys were synthesized using a Norax Induction Furnace (20 kW/5 kHz) at
690 °C, under a protective SF¢/CO: protective atmosphere. The materials used were pure Mg
supplied by Magnesium Elektron (purity of 99.8%), and Mg-30 wt% Ca master alloy provided by
Timinco Metals LTD. The compositions for the cast alloy (Table 5.1) was determined via
Inductively Coupled Plasma — Atomic Emission Spectrometry (ICP-AES), performed by the
NADCAP certified laboratory Genitest Inc. All compositions are given in weight % unless

otherwise specified.
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Table 5.1. Chemical Compositions of the Alloys.

Alloy Elements, wt%

Designation Ca Al Cu Fe Mn Ni Si Mg

Mg—1Ca 1.14 0.007 | <0.001 | 0.033 0.016 | 0.001 0.002

Mg -2 Ca 1.77 0.005 | <0.001 | 0.003 0.004 | 0.001 0.001 | Balance

Mg -3 Ca 2.98 0.006 | <0.001 | 0.002 0.005 0.001 0.001

Pure Mg was melted at 690 °C prior to adding the Mg-Ca master alloy. Once this was done,
the melt was held at the same temperature for 15 minutes to allow mixing. The melt was stirred,
and then the slag was removed before pouring it into a 6 mm thick plate-samples using an H13
tool steel permanent mold coated with boron nitride. Samples of 15 x 15 x 6 mm were machined
for ignition tests. The samples were ground with 800 grit SiC paper and polished on their wide
face down to 0.05 pm with colloidal silica. A hole of 1.98 mm (5/64 inches) in diameter was drilled
in one of the narrower faces to attach a K-type thermocouple covered with a 316L stainless steel
sleeve (required to protect the thermocouple at ignition). This thermocouple was used to measure
the temperature at the center of the sample. The temperature changes were recorded using a Grant
Squirrel data logger (2020 series).

For the complete ignition tests, the samples were placed in a Lindberg Blue vertical
resistance furnace and heated continuously at two different rates of 25°C/ min (Low Heating Rate
— LHR) and 45°C/ min (High Heating Rate — HHR) under a constant flow of extra dry air at a rate
of 0.9 L/min. For the interrupted ignition tests, the samples were marked using a Vickers micro-
hardness tester in the as-cast state so that the evolution of the oxide formation and microstructural

change could be monitored. The samples were then heated under identical conditions to the full
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ignition test; however, once the target temperature was reached (560 or 700 °C), the furnace
chamber was flushed with Ar to quickly reduce the sample temperature and then removed from
the furnace.

The intermetallic compounds present in the alloys were determined via X-ray Diffraction
(XRD) using a Bruker diffractometer equipped with a Cu Ko radiation source of A= 1.54060 A.
The oxidized top surfaces were then analyzed using a Hitachi SU-3500 Scanning Electron
Microscope equipped with Energy Dispersive X-ray Spectroscopy (SEM/EDS), using an
accelerating voltage of 15 kV. A Backscattered Electron (BSE) detector was used to analyze the
microstructural features of the samples at different temperatures of the interrupted ignition test. A
dwell time of 300 ps was used for EDS mapping. If a specific microstructural feature could not be

observed clearly in the EDS mapping, a detailed line scan analysis was employed.

5.3 Results
5.3.1 Ignition temperature

Pure Mg and three binary compositions; Mg-1.14 Ca (Mg-1Ca), Mg-1.77 Ca (Mg-2Ca)
and Mg-2.98 Ca (Mg-3.0 Ca), were continuously heated until ignition to observe the change in
ignition temperature with an increasing amount of Ca. Fig.1 shows ignition temperature versus Ca
wt% plots for both high heating rate (HHR) and low heating rate (LHR). The Mg-Ca binary phase
diagram calculated from FactSage™-FTlite database is presented in Fig. 5.2, indicating the

liquidus temperature for each alloy.
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Fig. 5.1. Ignition temperature versus wt% Ca of Mg-Ca binary alloys.

The ignition temperature is defined as the point where a sharp increase in temperature is
detected, accompanied by a bright white flame. In our study, the ignition temperature was
identified as the point where a sudden and fast increase of temperature was detected, which is
when the thermocouple attached to the sample detected a temperature increase of 5 °C within 2
seconds. As seen in Fig. 5.1, the ignition temperature of pure Mg is virtually insensitive to heating
rate while the ignition temperature of binary Mg-Ca alloys changes significantly with the heating

rate at Ca levels of 1.77% (Mg-2Ca) and 3.0% (Mg-3Ca). These differences suggest that higher

Ca content causes a significant difference in ignition temperature.
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Fig. 5.2. Binary phase diagram for the Mg-Ca system calculated through FactSage™-FTlite

database.

5.3.2 Interrupted ignition Tests: Semi-Solid state at 560 °C

Fig. 5.3 contains the micrographs showing the evolution of a specific region in each alloy
(identified with micro-indentation) between the initial as-cast state and after the ignition test was
interrupted at 560 °C. The initial microstructure of the three alloys in both sets of experiments (Fig.
5.3 a,c) shows a Mg matrix surrounded by a lamellar eutectic intermetallic, which is formed during
the last stages of solidification in the casting process. This intermetallic compound was identified
as MgzCa from the XRD spectra (Fig. 5.4) of the Mg-3Ca alloy, which possesses the highest

intermetallic fraction suitable for detection using this technique.
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When the ignition test is interrupted at 560 °C, the samples are in the semi-solid state (Fig.
5.3 b,d). In the LHR samples, the low-melting-point (521 °C) eutectic microconstituents that are
molten during the semi-solid state re-solidify, forming the phases observed in Fig. 5.3b and 5.3d
marked as re-solidified molten pool. The amount of re-solidified pools increases with increasing
Ca. Inthe HHR samples, it is observed that the amount of the resolidified phase is lower, compared

to the LHR samples of the same composition.

Low Heating Rate (LHR) High Heating Rate (HHR)

a) As-cast b) Interrupted at 560 °C c) As-cast d) Imterrupted at 560 °C

_solidified
*-tholten pool

noduleg

Fig. 5.3. SEM-BSE micrographs of the samples before and after the interrupted ignition tests at
560 °C using both LHR and HHR. The same region of the sample was followed using micro-

indentation.
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Fig. 5.4. X-Ray diffraction spectra for the Mg-3.0 Ca binary alloy. Both the Mg matrix and the

Mg:Ca intermetallic were detected.

The EDS map analysis of each alloy at 560 °C is presented in Fig. 5.5 for LHR and Fig. 5.6
for HHR samples, respectively. It is observed that the re-solidified pools in the LHR samples (Fig.
5.5) are Ca-rich. As the amount of Ca increases, the surface coverage of this re-solidified Ca-rich
phase increases in these samples. The HHR samples, on the other hand (Fig. 5.6), have a low
surface coverage of this phase in the Mg-1Ca and Mg-2Ca alloys. Ca-rich nodules are also present

in the HHR samples. These nodules are more evident in the Mg-2Ca and Mg-3Ca alloys than in

the Mg-1Ca alloy.
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Fig. 5.5. EDS mapping of the Mg-1Ca, Mg-2Ca and Mg-3Ca alloys after an interrupted ignition

test at 560 °C using an LHR. Ca-rich eutectic pools are formed at the metal/oxide interface of the

alloy at this stage.
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Fig. 5.6. EDS mapping of the Mg-1Ca, Mg-2Ca and Mg-3Ca alloys after an interrupted ignition

test at 560 °C using an HHR. Ca-rich nodules are present along with the Ca-rich eutectic pools

also observed in the samples heated using an LHR.
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An additional EDS line scan on the LHR sample re-solidified molten pools (Fig. 5.7a)
indicates an amount of approximately 15 at% of Ca (22.5 wt%) over this region. Another line scan
was performed on the Ca-rich nodules observed in the Mg-3Ca HHR sample (Fig. 5.7b), which

reveals that these particles are composed in almost equal at% amounts of Ca and O, being likely

entirely made of CaO. This suggests the occurrence of internal oxidation.
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Fig. 5.7. EDS line scan of (a) the LHR re-solidified molten pool and (b) an HHR sample CaO-rich

particle formed at the interdendritic regions of the alloy.

5.3.3 Interrupted ignition Tests: Liquid state at 700 °C

Fig. 5.8 shows that the HHR sample interrupted at 700 °C has not reached the fully molten
state since it partially maintains its shape while the LHR sample seems to have reached a fully
liquid state and collapsed leaving a metal lump once the test is interrupted. At 700 °C, the alloys
are liquid according to the phase diagram in Fig. 5.1. A likely explanation is that the thermocouple

location is molten while the bulk in the HHR sample has yet not attained full melting due to the
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short time elapsed. It is noted that neither the LHR nor the HHR sample has ignited at this

temperature.

Fig. 5.8. Comparison between Mg-3Ca HHR and LHR samples after the interrupted ignition test

at 700 °C.

LHR samples: The BSE images of LHR samples (Fig. 5.9a) show the existence of a
resolidified microstructure with an interdendritic phase for the Mg-1Ca and Mg-2Ca alloys. The
Mg-3Ca LHR sample has a different appearance with an oxide scale covering the entire surface.
All three samples seem to contain some oxide nodules as well; their amount increasing with
increasing Ca. The EDS analyses of the LHR samples (Fig. 5.10) reveal that the re-solidified
interdendritic phase is Ca-rich in the Mg-1Ca and Mg-2Ca alloys. The oxide nodules observed in
these samples are Ca-rich oxides, which are visible in the O mapping. The entire surface of the
Mg-3Ca alloy is rich in Ca and O, however, some of the oxide nodules were not detected in the
mapping. An additional EDS line scan of one of these nodules is shown in Fig. 5.11, which reveals
that they are composed by close amounts of Ca and O, similar to the CaO nodules observed in the
HHR samples at 560 °C.

HHR samples: HHR samples (Fig. 5.9b) do not show the re-solidified structure with the

interdendritic phase. EDS analysis shows (Fig. 5.12) heavily oxidized surfaces along with
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widespread oxide nodules. HHR samples are overall more oxidized when compared to the LHR

samples, even when the HHR samples were heated for a shorter time.

a) Low Heating Rate (LHIR) b) High Heating Rate (HIR)

'Pﬁossiﬁle_ | o—
o anternal | -
. “oxidation . -

Fig. 5.9. SEM surface micrographs of interrupted ignition test samples at 700 °C.
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Fig. 5.10. EDS mapping of the Mg-1Ca, Mg-2Ca and Mg-3Ca alloys after an interrupted

ignition test at 700°C using an LHR.
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Fig. 5.11. EDS line scan of the Ca-rich particles observed in the Mg-3Ca LHR at 700 °C sample.
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Fig. 5.12. EDS mapping of the Mg-1Ca, Mg-2Ca and Mg-3Ca alloys after an interrupted ignition

test at 700°C using an HHR.

5.4. Discussion

This study shows that the ignition temperature of Mg-Ca alloys increases with increasing Ca.
However, there is a significant effect on the igntion temperature when a different heating rate is
used. Samples heated at a rate of 25 °C/min have an ignition temperature that goes from 655 °C to
861 °C as Ca increases from 0 to 3 wt%. For the same composition range, using a heating rate of
45 °C/min, the increase in the ignition temperature goes from 658 °C to 787 °C.

Interrupted ignition tests indicate that molten Mg-(1-3)Ca alloys heated using a high heating
rate (HHR) up to 700 °C, form a surface scale richer in oxygen than the same alloys heated at a
low-heating rate (LHR). It is also seen that the lower tendency for oxide formation on the Mg-
1Ca and Mg-2Ca LHR samples, when molten at 700 °C, is quite striking. When the LHR samples

reach 700 °C, the molten alloys seems to be oxidation resistant, having a lower overall O content.
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The results indicate that the differences in the behavior of the LHR and HHR samples at 560
°C (in the semi-solid state) are significant. The LHR samples show high amounts of a re-solidified
Ca-rich interdendritic phase which is only slightly associated with oxygen (Fig. 5.7a). The HHR
samples, unlike the LHR, do not show extensive melting of the interdendritic phase except in the
alloy with the highest Ca content; the interdendritic phases seems to have had little time to melt.
The solid interdendritic phase, however, is rich in oxygen and exhibits oxide nodule formation,
unlike the LHR samples. These particular oxide nodules appear to be formed through internal
oxidation rather than through the breakage of the oxide scale. Due to the higher oxygen affinity of
Ca, a reduction of the initial MgO scale through the reaction MgO + Ca = CaO + Mg may be
taking place at the metal/oxide interface, but these affirmations need to be corroborated through
further oxide analysis to confirm the concentration gradient of Ca through the oxide scale. The
observations made in the semi-solid state suggest that the molten Ca-rich pools are less prone to
oxidation than the solid Ca-rich phase, which forms Ca-rich oxide nodules once the semi-solid
state is reached.

Thermodynamic calculations performed using FactSage™-FTlite (Fig. 5.13), shows that
AG=RTIn(Po2) (Gibbs free energy) for the formation of CaO from the eutectic liquid (Mg-18
wt%Ca) is less negative than AG for CaO formation from the solid eutectic Mg.Ca (Mg-44
wt%Ca). This explains the higher degree of oxidation seen in the solid interdendritic regions of
the HHR sample interrupted at 560 °C, compared to the low degree of oxidation seen in the
resolidified interdendritic regions of the LHR sample. The solid interdendritic regions of the HHR
sample, with a higher tendency for oxidation, would lead to the formation of oxide nodules and an
increase in surface temperature. This may result in the development of a thick and brittle oxide

scale [34], despite the protective nature of CaO formed over Mg. The increased surface
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temperature and the non-protective oxide scale would lead to Mg evaporation which in turn may
induce early ignition. The LHR sample, unlike the HHR sample, has a significant amount of
molten interdendritic phase that has a lower tendency to oxidation; the LHR samples display an
overall lower amount of O at 700 °C, which may result in a lower surface temperature increase
(due to MgO/CaO formation) compared to the HHR sample. It is also known that thinner oxides
exhibit a lower degree of cracking and are more protective [35]. The low heating rate, therefore,

delays the onset of Mg evaporation and ignition.
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Fig. 5.13. AG=RTIn(Po2) versus temperature (°C) for the formation of CaO from the eutectic
liquid with a composition of Mg-18 wt%Ca (solid line) and from the solid Mg:Ca with a

composition of Mg-44 wt%Ca (dashed line).

This study highlights the important influence of the heating rate and of the differing AG for
oxide formation of the solid and liquid interdendritic phases in Mg-Ca alloys on the ignition of Mg
alloys. It also paves the path to further studies to determine if the heating rate plays a role in Mg

alloys with alloying elements other than Ca. It is noted that even under HHR, Ca improves the
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ignition temperature of Mg. The characteristics of the formed oxide scale (thickness, composition,

etc.) and the re-solidified molten pools, will be discussed in a separate study.

5.5 Conclusions

1.

The ignition temperature of Mg-(1-3) wt% binary alloys have been tested using two
different heating rates; a low heating rate (LHR) of 25 °C/min and a high heating rate
(HHR) of 45 °C/min under a constant flow of extra dry air at a flow rate of 0.9 L/min. For
the LHR sample, the ignition temperature increased from 655 °C at 0 wt% Ca to 861 °C at
3 wt% Ca. For the HHR samples, ignition temperature increased from 658 °C to 787 °C as
Ca increased from 0 to 3wt%.

It was seen that the solid interdendritic regions are more prone to oxidation than the molten
interdendritic region. This was explained by the lower AG for oxidation from the liquid
interdendritic phase compared to the AG for oxidation from the solid eutectic Mg>Ca. This
explains the lower degree of oxidation of the eutectic pools in the LHR sample compared
to the oxide nodules seen on the solid microconstituents in the HHR samples when
interrupted at 560°C.

The LHR samples exhibited more eutectic melting in the semi-solid state than the HHR
samples. A low heating rate led to lower surface oxidation and to higher ignition
temperature, while a high heating rate yielded extensive surface oxidation and lower

ignition temperature.
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Chapter 6 - XPS and Electron
Microscopy Study of Oxide-Scale
Evolution on Ignition Resistant Mg-3Ca
Alloy at Low and High Heating Rates

After analyzing the microstructure evolution in a range of Mg-Ca binary alloys through
interrupted ignition tests, it was evident that the observed behavior would have an impact in the

oxide scale growth and hence the resulting ignition temperature.

In Chapter 6, an in-depth analysis of a Mg-3Ca alloy is presented. Using X-ray
Photoelectron Spectroscopy (XPS) and Transmission Electron microscopy (TEM) it was possible
to analyze both the growth of the oxide scale formed on the alloy surface and the characteristics

of the molten pools observed in Chapter 5.
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Abstract

Previous research by the authors has shown that Ca increases the ignition temperature (T;)
of Mg-Ca binary alloys in the 1-3 wt% Ca range with Mg-3Ca exhibiting the highest T; and
revealed the significant effect of heating rate on Ti. In this study, using interrupted tests, X-ray
photoelectron microscopy (XPS) and electron microscopy, the evolution of the oxide scale has
been investigated on Mg-3Ca alloy heated at a high heating rate (HHR) of 45 °C/min and a low
heating rate (LHR) of 25°C/min towards its ignition temperature. When the alloy is solid, oxidation
occurs preferentially from the Mg>Ca/a-Mg eutectic micro-constituent. In the semi-solid state (560
°C), the solid intermetallic of the HHR sample tends to oxidize internally, forming CaO at the
metal/oxide interface. The molten eutectic regions are more oxidation resistant, creating a thin
oxide scale of ~100 nm. Due to the shorter time allowed, the less melting occurs in the HHR
sample allowing extensive oxidation from the solid eutectic. The LHR, due to its extensive
oxidation-resistant melting, leads to the formation of an overall thin oxide scale (~500 nm) that
remains protective until ignition at 861°C. The continued oxidation from the solid eutectic under
the HHR leading to an increase in surface temperature and Mg evaporation and a thick non-

protective oxide (>1000 nm) results in ignition at a lower temperature of 787 °C.

6.1 Introduction

The development of magnesium (Mg) alloys for the aerospace industry has gained renewed
interest in recent years, due to the lift of the ban imposed on its use for cabin components in
commercial aircraft with the update of the SAE aerospace standard AS8049C [1] in 2014. The
ban, which was based on the perceived fire risk that these alloys might pose in a post-crash scenario

[2], was lifted as a result of an extensive investigation by the Federal Aviation Administration
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(FAA) on the flammability of Mg alloys [3]. The results of those investigations showed that the
ignition resistance of Mg alloys is highly composition dependent.

Mg is a highly reactive metal which, in its pure form, can ignite at 640 °C with a flame that
is difficult to extinguish as it leads to a violent reaction when in contact with water. However, the
ignition behavior of Mg can be altered, through the addition of different alloying elements. While
aluminum decreases the ignition temperature to 350-450°C, alkaline earth, and rare earth metals
are the most promising choices to increase ignition temperature (T;) of Mg [4-11]. Among these,
Ca has been particularly preferred for both commercial and experimental alloys (Table 6.1). On
binary Mg-Ca alloys studies, the role of Ca was mainly explained by the formation of a compact
and protective oxide scale. It was suggested that the Ca-bearing oxide scale could reduce the
diffusion of oxygen towards the molten metal and decrease the volatilization of Mg, thereby
increasing the Ti. A previous study by the authors [12], has found that Mg-Ca alloys (2 and 3 wt%
Ca) display different ignition temperatures at different heating rates with the Mg-3Ca alloy
showing the highest Tj at both heating rates (Table 6.1). In this paper, the evolution and the oxide
scale growth of Mg-3Ca alloy during continuous heating at two different heating rates are
investigated through X-ray Photoelectron Spectroscopy (XPS) and electron microscopy on
samples interrupted at 350 (solid), 560 (semi-solid) and 700 (liquid) °C.

Table 6.1. Summary of Previous studies on the effect of Ca on ignition temperature of Mg alloys

Alloy (Wt%) Ti (°C) Mechanism Heating rate | References

Mg-4.5Ca 727 Protective oxide scale; outer CaO | - Sakamoto et al.
; inner MgO-CaO [13]

Mg-0.5Ca ~690 Ca selective oxidation 1.2 °C/s Chang et al. [14]

Mg-1.9Ca ~800 1.2 °C/s

Mg-5Ca 727 Increased energy liberation 0.08 °C/s Shi et al. [15],

*AZ91+5Ca 1000 Protective oxide scale - Choi et al. [16]
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*AZ91+0.3Ca0 | Increased | Improved stability during casting | - Leeetal. [17, 18]

*AM50+0.3Ca0

*AZ31+0.3(Ca, 625 Ca ions in the MgO scale and CaO | Isothermal Lee [19]

CaO) at the surface holding

*AZ91+2 Ca 819 Oxidation retardation by a dense | Not specified | Li et al. [20]

*AZ91+6 Ca 869 CaO+AlLO; oxide scale

Mg-3 Ca 861 0.4 °C/s Villegas-Armenta
787 The importance of heating rate 0.7 °C/s etal. [12]

Mg-2 Ca 841 0.4 °C/s Villegas-Armenta
752 0.7 °C/s etal. [12]

*AZ91 (Mg-9Al-1Zn); AM50 (Mg-5A1-0.3Mn); AZ31 (Mg-3Al-1Zn)
g

6.2 Experimental Method

A binary Mg-Ca alloy was synthesized using a Norax Induction Furnace (20 kW/5 kHz) at
700 °C, under a protective SF¢/CO: protective atmosphere. The materials used were pure Mg
supplied by Magnesium Elektron Powders NJ (purity of 99.8%) and Mg-30 wt% Ca master alloy
provided by Timinco Metals. The compositions for the cast alloy (Table 6.2) was determined via
Inductively Coupled Plasma — Atomic Emission Spectrometry (ICP-AES), performed by the
NADCAP certified laboratory Genitest Inc. All compositions are given in weight % unless
otherwise specified.

Pure Mg and Mg-Ca master alloy were melted at 690 °C and held at temperature for 15
minutes to allow mixing. The melt was stirred, and the slag was removed prior to casting at 720
°C into 6 mm thick plate-samples using a permanent H13 steel mold coated with boron nitride.
Samples of 15 x 15 x 6 mm were machined for ignition tests. The samples were ground with 800
grit SiC paper and polished on the wide face down to 0.05 pm with colloidal silica. A hole of 1.98
mm (5/64 inches) in diameter was drilled in one of the narrower faces to attach a K-type

thermocouple covered with a 316L stainless steel sleeve to monitor the temperature in the center
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of the sample. The temperature-time profiles were recorded using a Grant Squirrel data logger
(2020 series).

Table 6.2. Chemical Composition of the Mg-3Ca alloy

Alloy Elements, wt%
Designation Ca Al Cu Fe Mn Ni Si Mg
Mg-3Ca 2.98 0.006 | <0.001 0.002 0.005 0.001 0.001 | Balance

The samples were then placed in a Lindberg Blue vertical resistance furnace and heated
continuously at two different rates of 25°C/ min (Low Heating Rate — LHR) and 45°C/ min (High
Heating Rate — HHR) under a constant flow of extra dry air at a rate of 0.9 L/min. For the
interrupted ignition tests, once the target temperature was reached, the furnace chamber was
flushed with Ar to reduce the sample temperature, and then the sample was removed from the
furnace.

The oxidized top surfaces were then analyzed using a Hitachi SU-3500 Scanning Electron
Microscope and Energy Dispersive X-ray Spectroscopy (SEM/EDS). A Backscattered Electron
(BSE) detector was used to analyze the microstructural features of the samples at different holding
times, using an accelerating voltage between 10 to 15 kV. To obtain cross-sections of the oxidized
surface, an FIB-SEM Helios Nanolab 660 DualBeam (Focused Ion Beam- Scanning Electron
Microscope) was used only to extract the specimens and thin them down to 100 nm. This was done
to observe these samples using a FEI Tecnai G* F20 200 kV Cryo-Scanning Transmission Electron
Microscope (TEM) in both Scanning Transmission Electron Microscopy (STEM) and Selective
Area Electron Diffraction (SAED) modes. The results obtained through SAED were compared to

simulated diffraction patterns generated in PDF-4+ 2018 diffraction database, making sure that d-
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spacings, R ratios, and angles corresponded to the observed pattern, which is obtained from the
crystallographic data in [21] for Mg>Ca. The results were confirmed through the CrysTBox-
diffractGUI software [22].

Thermo Scientific K-Alpha X-Ray Photoelectron Spectroscopy (XPS) was used to analyze
the oxide scale formed on selected samples from the interrupted ignition tests. A pass energy of
200 eV and a step size of 1 eV were used to determine the chemical composition of the oxide scale
(also known as survey spectra), while a high-resolution scanning spectrum was collected using a
pass energy of 50 eV and a step size of 0.1 eV to identify the chemical state of an element when
needed. A 400 um diameter region was utilized to obtain a compositional depth profile of the
surface by gradually removing layers of oxide scale via an Ar ion beam, with a rate of 0.68
nm/second when TayOs is etched, which is the reference material of the instrument for the removal
process. The compounds present in our oxide scales have a lower hardness than Ta;Os. Hence the
actual depth might be more extensive. The sample was etched until a metallic component of the
Mg alloy was detected at the deepest etching levels. C was removed from the elemental
quantification for clarity of the results. Due to the high oxygen affinity of Mg, the sample surface
oxidizes even inside the test chamber between etching steps when a depth profile is performed
(vacuum inside the chamber is around ~1x10® bar). Hence, the detection of the Mg metallic
component was used to determine the oxide/metal interface, considering that oxygen would always
be present during the analysis. Mg KLL region was collected to determine the depth where the Mg
photoemission occurs in both metal and oxide states, i.e., an approximate region of the metal/oxide
(metal/oxide) interface. The use of the Mg KLL peaks ensures the detection of the metallic
component due to the significant chemical shift observed in Mg Auger transitions. The data was

analyzed using the Advantage -Thermo Fisher Scientific software. In case of charging, the spectra
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were corrected by aligning the binding energy scale with the Cl1s elemental peak. Certain factors
had to be considered to determine the amount of Ca present in the alloy surface. The Ca2p doublet
peaks interfere with the Mg KLL Auger region in the range between 360 and 344 eV, leading to
complications for both compositional analysis and chemical state assessment. Hence, the Ca2s
peak was considered for the compositional analysis, using a relative sensitivity factor (RSF) of
2.106 to determine the amount of Ca present in the surface. The Ca2s peak was collected using a

high-resolution scan to confirm the chemical state of this element.

6.3 Results

Interrupted ignition tests were conducted using both an HHR and an LHR for the Mg-3Ca
alloy. The tests were interrupted at 350, 560, and 700 °C as these points coincide with the solid,
semi-solid, and liquid states of the alloy as per the Mg-Ca phase diagram [23]. Fig. 6.1 presents
the full ignition curves of Mg-3.0 Ca at two heating rates and the temperatures at which the tests
were subsequently halted during interrupted tests. The evolution of the surface scale was
investigated on the as-cast and interrupted-test samples using XPS and SEM/EDS. The surfaces
were micro-indented using a Vickers microhardness machine before the interrupted ignition test

to follow the evolution of the microstructure.
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Temperature (°C)

Fig, 6.1. The ignition curves of the Mg-3Ca alloy at HHR and LHR along with the liquidus and
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solidus temperatures and the interruption temperatures subsequently used.

6.3.1 The Surface Scale of Mg-3Ca Alloy in the As-Cast Condition

SEM image of Fig. 6.2a shows the as-cast top surface of the Mg-3Ca alloy exhibiting o.-
Mg dendrites and an interdendritic eutectic micro constituent of a-Mg/ Mg>Ca (C14, MgZn; type)
[22]. The eutectic has lamellar coupled-growth morphology. EDS analysis (Fig. 6.2b) reveals a

small amount of Ca present in the a-Mg matrix (~ 0.5 wt% or ~ 0.3 at%) due to the supersaturation

of the matrix resulting from the casting process.
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Energy (keV)

Fig, 6.2. SEM image of the Mg-3Ca cast alloy (a). The red dotted square represents the Mg matrix

area analyzed by EDS (b), which contains a small amount of Ca.

XPS depth profiles were performed on the as-cast alloy to determine the initial condition
of the alloy surface before the ignition tests. The Mg KLL region for the Mg-3Ca cast sample
surface (before any heating) is shown in Fig. 6.3a. Next to these peaks, are the Mg2p region peaks
deconvolution for comparison, where the chemical state of Mg is defined through the binding
energy of the individual peaks [24]. In Fig. 6.3b, it is possible to observe that, from the first scan
up to after an Ar etching of 44 seconds (equivalent to 30 nm on Ta,Os), the Mg metallic component
is visible at 49.75 eV (FWHM = 0.87) in the cast alloy. Hence, the oxide scale is very thin (~10
nm) and is composed of MgCO3 (BE= 51.83 eV and FWHM = 1.67) at the outermost layer and
mostly by MgO (BE = 51.04 eV and FWHM = 1.5) at deeper layers (Fig. 6.3c). Ca content in the
cast alloy native oxide scale is negligible. For all the interrupted ignition tests, the Mg KLL region

was used to determine the approximate thickness of the oxide scale.
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Fig, 6.3. XPS depth profile analysis of the as-cast surface of Mg-3Ca. (a) The Mg KLL transition
region and the deconvolution of the Mg2p peak, which indicates the chemical state of Mg at the

first (b) and last etching levels (c). The presentation of the Mg KLL peaks allows a more
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straightforward visualization of the signal coming from the metallic substrate.

6.3.2 The Surface scale of Mg-3Ca Alloy interrupted at 350 °C

Fig. 6.4 shows the microstructures of the LHR (a,b) and HHR (c,d) samples interrupted at
350 °C, along with the initial as-cast surfaces (Fig. 6.4a,c). There is no significant microstructural

change between the LHR and HHR samples at this temperature. EDS mapping shows that the

eutectic Mg>Ca is the most oxidized region of the surface in both cases.
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Fig, 6.4. SEM images of Mg-3Ca alloy before (a, c) and after interrupted at 350 °C in ignition test

(b, d), comparing LHR and HHR and their EDS analysis.

The XPS analysis of the LHR and HHR Mg-3Ca samples interrupted at 350 °C (Fig. 6.5)
indicates the presence of Ca and Mg in the oxide scale. A well-defined metallic Mg peak appears
in the LHR depth profile at ~25 nm level, which is the approximate position of the metal/oxide
interface. In the HHR sample, the metallic Mg peak has a lower intensity at this level, and the
metal/oxide interface in this sample is more likely at the 50-nm level, where a high-intensity Mg
metal peak exists. We can see that a thinner oxide scale formed on the LHR when compared to the
HHR sample. In both samples, the outermost surface contains a small amount of Ca, but the
appearance of the Mg KLL metallic component coincides in both alloys with the highest amount
of Ca in the depth profile, indicating that Ca level is higher at the metal/oxide interface than at the

outermost surface.
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Fig, 6.5. XPS compositional depth profiles on Mg-3Ca sample interrupted at 350 °C. (a, b) LHR
and (c, d) HHR. Next to each depth profile is the Mg KLL region, which indicates the etch level

where the Mg metallic component is visible.

6.3.3 The Surface Scale of Mg-3Ca interrupted at 560 °C

At 560 °C, the alloy is in the semi-solid state according to the Mg-Ca equilibrium phase-
diagram [23] as well as the temperature-time curves in Fig. 6.1. Fig. 6.6 compares the surface of
the sample in the as-cast state (a, c) and the re-solidified surface of the same sample interrupted
during the ignition test at 560 °C (b, d). The post—interrupted ignition surfaces possess
interdendritic regions which appear black and mimic the original cast structure suggesting that the
interdendritic phase was selectively oxidized up to this temperature, as observed at 350 °C. The
LHR sample exhibits two types of phase morphology on the surface: (a) islands of leaf-like
morphology in the interdendritic regions (marked A in Fig. 6b) which indicate that the phase was
liquid when the test was interrupted and subsequently re-solidified, and (b) leaf-like features that
have serrated edges which are marked B in Fig. 6b. The HHR sample (Fig. 6b) exhibits

predominantly the B-type leaf-like features (marked B in Fig. 6d). When observed at lower
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magnification through the sample surface, it is found that the coverage of the surface with leaf-

like features is more extensive in the LHR sample than in the HHR sample (Fig. 7).

0 ~ gl / ;

50, _;un.le.‘_::

s s ——
50 pm

Fig, 6.6. SEM images of Mg-3Ca alloy before (a, c) and after interrupting ignition test at 560 °C
(b, d), comparing LHR and HHR. LHR sample has re-solidified island-like phase (labeled A) and

leaf-like scaly features (labeled B). The HHR sample exhibits mainly the B-features.

152



Chapter 6 - XPS and Electron Microscopy Study of Oxide-Scale Evolution on
Ignition Resistant Mg-3Ca Alloy at Low and High Heating Rates
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Fig, 6.7. SEM images from the Mg-3Ca LHR and HHR samples interrupted at 560 °C in ignition
tests. The leaf-like phase is more evenly distributed on the surface of the (a) LHR sample compared

to the (b) HHR sample.

EDS elemental mapping of the LHR and HHR surfaces interrupted at 560 °C are shown in
Fig. 6.8. In the LHR sample (Fig. 6.8a), Ca is enriched over both the interdendritic network and
over the leaf-like features and oxygen is rich over the Ca-rich interdendritic network (the black
features in Fig. 6.6) but not concentrated over the leaf-like Ca phase. In the HHR sample (Fig.
6.8b), Ca is concentrated in the re-solidified phase as well as in Ca-rich particles which are ~3 um
in size. Some of these particles show clear signs of oxidation in the EDS map, indicating that they
are oxide nodules. An EDS line scan in Fig. 6.9 shows one of these particles, which is composed
mainly by Ca and contain a significant amount of O. The LHR sample does not possess these Ca
nodules. These particles were observed in previous work by authors [12], where some of the
particles appeared to be signs of internal oxidation, as their well-defined shape is different from

the oxide nodules that are clear in the EDS map.
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a) LHR at 560°C b) HHR at 560 °C

Fig, 6.8. EDS analysis of the (a) LHR sample interrupted at 560°C in ignition test. Ca is present
homogeneously over the sample’s surface. (b) Fig. 9. HHR sample interrupted at 560°C in ignition

test. Several Ca-rich particles are present over the leaf-like phase.

Fig, 6.9. SEM image and EDS line scan over a Ca-rich nodule in Mg-3Ca HHR sample interrupted
at 560 °C during the ignition test. The particle contains Ca and O. Some of the particles over the

sample appear to be oxidized internally.

The XPS results in Fig. 6.10a show there is a significant increase in Ca through the oxide
scale compared to the 350 °C sample. The highest amount of Ca coincides again with the

appearance of the Mg metallic component in both samples. At deeper levels in the scale (100-200
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nm of etching), the amount of Ca is 50% higher in the HHR compared to the LHR sample. There

is no evident difference in the oxide scale thickness at this stage.
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Fig, 6.10. (a-d) XPS compositional depth profiles on Mg-3Ca samples interrupted at 560 °C in
ignition test. Next to each depth profile is the Mg KLL region, which indicates the etch level where

the Mg metallic component is visible.

To further analyze the re-solidified phases in both sets of samples, cross-sections were
extracted from the samples interrupted at 560 °C (Fig. 6.11), using an SEM equipped with a
Focused Ion Beam (FIB). Fig. 6.12 shows the TEM bright-field image of the re-solidified phase
formed in the (a) LHR sample and the (b) HHR sample. Both samples show some damage caused
by the extraction procedure. A point EDS analysis of this phase in both samples shows that the
composition is virtually identical, both containing Mg and Ca in the same amounts indicating that
the leaf-like phase has the same composition independently of the heating rate. Selected Area
Electron Diffraction (SAED) patterns were obtained from both samples (Fig. 6.13) to confirm the
identity of the leaf-like phase. For both samples, the phase was identified as Mg>Ca with an HCP
structure (P63/mmc); the phase diffraction patterns were observed at B =[1010] for the LHR

sample and B =[2243] for the HHR sample.
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10 pm

Fig, 6.11. Cross-sections from the Mg-3Ca sample interrupted at 560 °C (a) LHR and (b) HHR,

which were extracted using a field emission SEM/FIB.
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Fig, 6.12. TEM bright-field images of the leaf-like phase observed in the (a) LHR and the (b) HHR
sample for the interrupted ignition test at 560 °C. The EDS analysis indicates an identical
composition for both phases, suggesting that the same phase is formed in both LHR and HHR

samples.
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Fig, 6.13. SAED patterns for the leaf-like phase observed in the (a) LHR and the (b) HHR sample
for the interrupted ignition test at 560 °C. In both samples, the phase coincides with the Mg>Ca

HCP structure (P63/mmc).

The thickness of the oxide scale formed over this phase is not uniform; it was locally
analyzed using STEM/EDS (Fig. 6.14). In the LHR sample (Fig. 6.14a), the oxide scale was ~110

nm in thickness, and in the HHR sample (Fig. 6.14b), it is ~80 nm.

a) LHR

||
200nm

Calciunr® Oxygen Caleium . 57 o v Oxygen

Fig, 6.14. The metal/oxide interface was analyzed using EDS during STEM observation. In both
(a) LHR and (b) HHR samples interrupted at 560 °C, the oxide scale formed over the leaf-like

phase is rich in Ca.
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6.3.4 Mg-3Ca interrupted at 700 °C

At 700 °C, the alloys are liquid according to the phase diagram and the inflection points in
the heating curves shown in Fig. 6.1, which also indicates that for both samples, the liquidus has
been passed. It is noted that neither the LHR nor the HHR sample have ignited at this temperature.
Fig. 6.15 shows the EDS mapping on the surfaces of the LHR and HHR samples, respectively.
The surface of the LHR sample is smooth while the HHR sample is rough and full of oxide ridges.
The LHR surface (Fig. 6.15a) shows the formation of some internal CaO formation, while both Ca
and O are evenly distributed through the surface. On the other hand, the HHR sample shows large
CaO ridges that cover the surface, which contains a significant amount of Ca (Fig. 6.15b). The
XPS analyses (Fig. 6.16) show that the HHR sample has a much higher amount of Ca than the
LHR sample at all levels, confirming the observations made through EDS. Metallic Mg is visible
at 500 nm in the LHR sample while it was barely observed at the 1000 nm level in the HHR sample,

suggesting a thicker oxide scale compared to the LHR sample.

a) LHR at 700°C

Fig, 6.15. (a) SEM/EDS mapping of Mg-3Ca LHR sample interrupted at 700 °C in ignition test.

The leaf-like phase is only partially associated with O on the surface. (b) SEM/EDS mapping of
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Mg-3Ca HHR sample interrupted at 700 °C in ignition test. Large oxide ridges are present all
over the surface.
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Fig, 6.16. XPS compositional depth profiles from Mg-3Ca LHR (a, b) and HHR (c, d) samples
interrupted at 700 °C in ignition test. The Ca level in the HHR scale almost doubles the amount
detected using LHR; while the Mg metallic component is not detected in HHR suggesting the

formation of a thicker oxide scale.

6.4 Discussion

XPS, SEM/EDS, and TEM analysis revealed differences in the LHR and HHR samples
with respect to the evolution of the oxide scale. Table 6.3 summarizes the observations and
analyses on the Mg-3Ca LHR and HHR samples after interrupted ignition tests.

Table 6.3. Comparative SEM/EDS, XPS, and TEM results of Mg-3Ca LHR and HHR samples.

Sample Oxide scale on XPS Special features

As-cast 10-30 nm thick; MgCOs top layer, MgO lower layer

350 °C LHR |25 nm thick, Ca enriched at the metal/oxide
solid interface

HHR | 50 nm thick, Ca enriched at the metal/oxide

interface

159



Chapter 6 - XPS and Electron Microscopy Study of Oxide-Scale Evolution on
Ignition Resistant Mg-3Ca Alloy at Low and High Heating Rates

560 °C LHR | 100 nm thick, Ca-rich region at the metal/oxide | Re-solidified phase

semi- interface

solid HHR | 100 nm thick, higher Ca at the metal/oxide interface | Re-solidified phase, CaO
when compared with LHR nodules

700 °C LHR | 500 nm thick, low Ca within the oxide scale Continuous oxide scale with

liquid & few CaO nodules

near HHR | Thicker than 1000 nm, high Ca within the oxide | CaO ridges on the surface

liquid scale

6.4.1 Solid-state heating interrupted at 350° C

The sequence of oxidation from a 2-phase alloy is usually difficult to predict [25, 26],
however, XPS results show that the initial oxide scale is mainly composed of MgO at early stages
using either heating rate. XPS results also show that MgO content is more significant at the
outermost surface at 350 °C, while the metal/oxide interface is enriched in Ca. The mechanism
can be explained as follows: Once the initial MgO scale forms, its growth is controlled by ion
diffusion. Diffusion in MgO is extrinsic and depends mostly on the concentration of vacancies,
where diffusion of Group II A elements will be inversely proportional to the ionic radius of a given
element [27]. Hence, Ca ions will have slower diffusion rates in MgO compared to its cation self-
diffusion, causing further oxide growth being dominated mainly by Mg ion diffusion. The slower
heating in the LHR sample provides enough time for Ca to distribute through the oxide scale
compared to the HHR. XPS results confirm that a higher amount of Ca has accumulated at the
metal/oxide interface in the HHR compared to the LHR. Thermodynamically, Ca in the phases of
the alloy oxidizes selectively due to the higher oxygen affinity of Ca (AG=-1138.65 kJ/O2 mol for
CaO formation at 350 °C) compared to Mg (AG=-1068.27 kJ/O2 mol for MgO formation at 350
°C); where both MgO and CaO form the same rocksalt crystal structure. The even distribution of

Ca in the oxide scale would reduce the Mg oxidation at the surface of the LHR sample compared
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to the HHR. Profuse MgO formation is enhanced on the HHR surface, leading to a thicker oxide
(50 nm) compared to the LHR (25 nm). SEM/EDS also reveals that the Mg,Ca/a-Mg eutectic

micro constituent oxidizes more than the matrix.

6.4.2 Semi-Solid state interrupted at 560 °C

The first region to liquefy in the semi-molten alloy is the low-melting interdendritic
eutectic micro constituent (Mg2Ca + a-Mg) which is rich in Ca (17 wt% Ca). The eutectic melting
is evidenced by the leaf-like dendritic morphology formed when the molten eutectic solidifies back
into the Mg>Ca/a-Mg phases upon cooling. Since the interdendritic eutectic region melts first, the
remaining solid in the semi-solid alloy is mainly the a-Mg which, is already covered with an oxide
scale. Oxidation in the semi-solid surface occurs from three phases: (i) the solid a-Mg, (ii) solid
eutectic, and (iii) the eutectic liquid pools.

Our previous results [12] showed that the AG for the oxidation from the solid Mg>Ca is
more negative than the AG for the oxidation of the eutectic liquid pools (at 18 wt% Ca) in the semi-
solid range, as shown in Fig. 6.18. The CaO nodules observed in the HHR sample are indeed
internal oxidation caused by the reduction of MgO by Ca, as the XPS results indicate a significant
amount of Ca at the metal/oxide interface compared to regions close to gas/oxide interface. Mg
has a lower oxygen affinity when compared to Ca. Hence the MgO reduction by Ca is an
energetically favorable reaction. This would promote the selective oxidation of the solid Mg>Ca
eutectic phase in the HHR sample. The re-solidified eutectic pool regions possess a very thin oxide
scale which is mainly Ca, observed in STEM. Hence despite being also internally oxidized, the
amount of Ca at the metal/oxide interface is lower when compared to the HHR sample.

Previous research suggested [28] that the melting of eutectic compounds and consequent

formation of liquid pools in the semi-solid stage may lead to an increase in Mg evaporation; this
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would imply that the eutectic pools decrease ignition temperature. This is contrary to our results,

where these eutectic pools are resistant to oxidation and promote an increase in ignition

temperature, especially when the Ca content is above 1.5 wt% [12].
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Fig, 6.17. AG=RTIn(Po3) versus temperature (°C) for the formation of CaO from the eutectic

liquid with a composition of Mg-18 wt%Ca (solid line) and from the solid Mg,Ca with a

composition of Mg-44 wt%Ca (dashed line). [12].

6.4.3 Liquid State Interrupted at 700 °C

When the HHR sample reaches 700 °C, the surface displays a thick mottled oxide. It is
reported that a sample having a thicker oxide shows uneven regions on the oxide scale, which are
usually found to be at interdendritic phase regions in Mg alloys [29]. A thick oxide also leads to a
high surface temperature stemming from the extensive exothermic reaction. Extensive oxidation,
despite being caused by the formation of CaO, results in an increase in surface temperature that
leads lead to enhanced Mg evaporation; oxide scale cracking would expose the Mg vapor to

oxygen, leading then to ignition. The fully liquid LHR sample has a lower degree of oxidation and
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by consequence a lower increase in surface temperature. Its thinner oxide scale is compact and
leads to higher ignition temperature. XPS shows a higher Ca content in the oxide scale in the HHR
sample, but because the scale is thick (1000 nm compared to LHR sample with an oxide scale of
500nm), it provides less protection.

The coverage of the sample surface with the oxidation-resistant eutectic liquid is the main
factor improving the ignition resistance of Mg-3Ca alloy. The protective nature of the CaO scale
is not the only factor to consider, since when the oxide scale thickens it is prone to cracking, and
fails despite a high Ca content. The main driving factor seems to be the competition between
oxidation of the solid eutectic micro constituent and its melting. The LHR of 25 °C/min increases
the molten Mg>Ca coverage and increases the ignition temperature to 861°C, while the HHR (45
°C/min), due to the limited time available for melting, hinders the molten eutectic coverage of the
surface and increases the degree of Ca internal oxidation from the solid interdendritic phase which
results in a lower ignition temperature of 787 °C. In other words, faster heating promotes the
MgzCa/a-Mg micro constituent oxidation forming a thick, cracked non-protective surface scale,
while slow heating promotes the formation of liquid surface which is more resistant to oxidation

than the solid surface and to the formation of a thin protective oxide scale.

6.5 Conclusions

Based on previous results of the authors [22], the ignition temperature of the Mg-3Ca alloy is
influenced by the heating rate. The ignition temperature is 861°C using a heating rate of 25 °C/min
(LHR) and 787 °C using a heating rate of 45 °C/min (HHR). In this study, Mg-3Ca samples from
interrupted ignition tests performed using these two heating rates (25 °C/min and 45 °C/min), were
analyzed via XPS, SEM/EDS and TEM to understand the evolution of their oxide scales. The

interrupted ignition tests allowed to determine the following conclusions:
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1. XPS study shows that the HHR sample forms a thicker oxide than the LHR sample. The oxide
thickness in the HHR sample increases 50 nm to 1000 nm as the temperature increases to 700
°C. The corresponding increase in oxide thickness of the LHR sample is from 25nm to 500nm.
SEM/EDS reveals that the oxide on the HHR sample is not protective, exhibiting a mottled
appearance, oxide ridges, and oxide nodules. The LHR sample has a continuous and uniform
oxide scale.

2. XPS shows that Ca enriches the metal/oxide interface and that the Ca content of the HHR
sample is higher than the Ca level in the LHR sample at 700 °C.

3. SEM/EDS shows that at 560 °C, the coverage of the molten eutectic pools is widespread in
the LHR sample; while this coverage is limited in the HHR sample, along with the formation
of Ca-rich oxide nodules.

4. The molten eutectic micro constituent forms a thinner oxide compared to the solid eutectic
with a thicker oxide and oxide nodules. This is supported by previously presented
thermodynamic calculations, that shows that the liquid eutectic has a lower tendency to
oxidation than the solid eutectic.

5. The formation of a thick non-protective oxide when an HHR is used, is the main factor that
would lead to an increase in surface temperature, Mg evaporation and to a reduced ignition
temperature (787 °C) of the Mg-3Ca alloy, compared to the same alloy heated using an LHR

which has a higher ignition temperature (861 °C).
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Chapter 7 - The Effect of Heating Rate
on the Ignition-Resistance of Mg-Sr
Alloys

After analyzing the ignition behavior of Mg-Ca binary alloys, four Mg-Sr binary alloys
were tested under the same conditions presented in Chapters 5 and 6. Also, interrupted ignition
tests were made to analyze the solid, semi-solid and liquid stages of a Mg-2.4 Sr alloy. The surface
of the samples obtained were analyzed using Scanning Electron Microscopy (SEM) and X-ray
Photoelectron Spectroscopy (XPS). Transmission Electron Microscopy (TEM) was employed to
analyze the cross-section of the samples during the semi-solid state (620 °C), which displayed

significant differences when the two heating rates used.
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Abstract

The ignition resistance of a series of Mg-Sr alloys (Mg-1.1Sr, Mg-1.5Sr, Mg-2.14Sr, and
Mg-2.4Sr) is tested using two different heating rates. The results indicate that the ignition
temperature of Mg-Sr alloys is strongly dependant on the heating rate. Samples heated using a
high heating rate ignite close the melting temperature of each alloy. On the other hand, the ignition
temperature increases between 100 and 150 °C when a low heating rate is used. The formation of
Sr-rich molten pools during the semi-solid state promotes the development of a thin and protective
oxide scale, thanks to the surface-active behavior of Sr. Without the formation of these pools, the
oxide scale grows laterally from the interdendritic region, becoming thicker and generating greater
internal stresses. When the liquid state is reached, and the oxide scale fails, molten Mg is exposed

to the atmosphere with consequential ignition.

7.1 Introduction

Rare-earth metals and alkaline-earth metals such as Ca or Be have been shown to increase
the ignition temperature of Mg alloys [1-25]. Sr, another alkaline earth metal, also has the potential
to affect the ignition behavior of Mg. The effect of Sr in Mg ignition resistance and high-
temperature oxidation was reported by Aydin et al. [7, 26], where the ignition temperature of pure
Mg was increased by ~200 °C when 6 wt% Sr is added. The authors attributed this to the surface-
active behavior of Sr in Mg, which reduces the amount of Mg present in the surface, hence slowing
down the evaporation and ignition of Mg. This surface-active behavior was previously observed
by Ozdemir et al. [27] in molten Al-Mg alloys, where Sr enriched the surface below the first MgO
scale; preventing the formation of spinel crystals and hence improving the oxidation resistance. A
similar effect was observed by Dennis et al. [28] in molten 356 and 413 Al alloys, where Sr forms

protective compounds below the MgO scale. Sr is also a surface-active element in molten Mg due
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to its larger Wigner-Seitz Radius (WSR) [29] of 4.5 a.u. [30]. Mg has a WSR of 2.66 a.u. [31]
meaning that St will display a surface-active behavior similar to the one observed in molten Al.

The ignition temperatures obtained by Aydin et al. [7] indicate a continuous increase in Mg
ignition temperature that plateaus between 2.6 wt% (786 °C) Sr and 4 wt% (798 °C) and then
reaches a maximum of 854 °C by adding 6 wt % Sr. In the study presented by Kim et al. [23], the
reported ignition temperature for an Mg-2 wt% Sr alloy (0.56 at% Sr) is 632 °C, which coincides
with the liquidus point for this composition. A summary of their results is presented in Table 7.1,
where we can observe that despite this difference, the ignition temperature difference between pure
Mg and the Mg-2Sr alloy is virtually the same (127 °C in average).

Ignition temperature is affected by different factors, such as atmosphere [32], sample size
[33, 34] or heating rate [35]. Nevertheless, the discrepancies observed between these two studies
were observed in both pure Mg and the Mg-2Sr alloy. In a previous study [16], the authors
identified an ignition temperature discrepancy caused using two different heating rates, which
affected only Mg-2Ca and Mg-3Ca binary alloys, while pure Mg and a Mg-1Ca alloy seemed
unaffected. This was attributed to a microstructural difference observed in the semi-solid state
between a high and a low heating rate in the three alloys. A second study [25], demonstrated that
the formation of oxidation-resistant molten eutectic pools at the semi-solid stage affected the oxide
scale growth at the liquid stage of an Mg-3Ca alloy. When samples were heated using a low heating
rate (LHR), these pools were widespread over the surface, covering a large portion of the surface.
However, when the sample was heated using a high heating rate (HHR), these pools were not
equally spread and resulted in the formation of Ca-rich oxide nodules due to an incomplete melting.

The pools formed in the LHR sample are more oxidation resistant than the solid eutectic
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microconstituents in the interdendritic region, leading to the formation of a thicker oxide scale and
early ignition in the HHR sample.

The heating rate is of importance for the final application of the alloy mainly when it is
used in commercial aircraft cabin components. The method developed by the FAA to test alloys
suitable for this application involves direct contact between the alloy and a kerosene burner flame.
The flame must reach a temperature of 927 £56 C [36], and the alloy must withstand 2 minutes
without burning or losing more than 10% of its original weight at the end of the test. A fast heating
rate is expected to be closer to the conditions of ignition in both the FAA test and in a possible
post-crash situation.

This paper aims to understand the effectiveness of the Sr in preventing the ignition of four
binary Mg-Sr alloys (1-2.5 wt% Sr) under high and low heating rates. An in-depth analysis of one
of the alloys is presented to explain the mechanism behind the observed discrepancies.

Table 7.1. Reported ignition temperatures for Mg-Sr binary alloys

Sr amount (Wt%) 0 03 | 057 | 1.02 | 1.5 2 2.6 | 3.17 | 417 | 498 | 6.08
Ignition Aydinetal. [7] | 640 | 659 | 672 | 748 | 762 | 766 | 786 | 797 | 798 | 825 | 854
temperature (°C) | Kimetal. [23] | 504 632

7.2 Experimental Procedure

Binary Mg-Sr alloys were synthesized using a Norax Induction Furnace (20 kW/5 kHz) at
690 °C, under a protective SF¢/CO> protective atmosphere. The materials used were pure Mg
supplied by Magnesium Elektron Powders (purity of 99.9 %) and Pure Sr provided by Timinco
Metals LTD (purity of 99.5 %). Pure Mg and pure Sr were melted at 690 °C and held at temperature
for 15 minutes to allow mixing. The melt was stirred, and the slag was removed prior to casting at

715 °C. The alloys were cast into 6 mm thick plate-samples using an H13 steel permanent-mold
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coated with boron nitride. The composition of the obtained plates was determined via Inductively
Coupled Plasma — Atomic Emission Spectrometry (ICP-AES) (Table 7.2), performed by the
NADCAP certified laboratory Genitest Inc. In this paper, the alloy compositions are given in

weight % unless otherwise specified.

Table 7.2. Compositions of Mg-Sr alloys in weight percentage (Wt%).

Target Elements (wt%)
compositions Sr Al Cu Fe Mn Si Mg
Mg - 1.0 Sr 1.05 0.01 <0.001 0.006 0.02 0.008
Mg - 1.5 Sr 1.50 0.006 | <0.001 0.013 0.01 0.002
Balance
Mg —2.0 Sr 2.14 0.008 | <0.001 0.003 0.004 | <0.001
Mg 2.5 Sr 2.40 0.007 | <0.001 0.032 0.01 <0.001

Samples of 15 x 15 x 6 mm were machined for ignition tests. The samples were ground down
to 800 SiC paper, polished on the wide face down to 0.05 um colloidal silica. A hole of 1.98 mm
(5/64 in.) in diameter was drilled in one of the narrower faces to attach a K-type thermocouple
protected with a 316L stainless steel sleeve. The temperature was recorded using a Grant Squirrel
data logger (2020 series).

For the full ignition tests, the samples were placed into a Lindberg Blue vertical resistance
furnace and heated continuously at two different rates of 25°C/ min (Low Heating Rate — LHR)
and 45°C/ min (High Heating Rate — HHR) under a constant flow of extra dry air at a rate of 0.9
L/min. For the interrupted ignition tests, the samples were heated up as in the full ignition tests
using both heating rates; however, once the target temperature was reached, the furnace chamber

was flushed with Ar reduce the sample temperature. Then, the sample was removed from the
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furnace. Samples were microidented using a Vickers tester to localize the same region before and
after the interrupted ignition test in the solid and semi-solid states. The temperatures selected to
interrupt the test were 560, 620, and 740 °C, as these points represent the solid, semi-solid and
liquid states of the alloy during the heating process. For the samples heated using HHR, only the
first two interrupted test temperatures could be done because no sample could reach 740 °C without
ignition.

The oxidized surfaces were then analyzed thoroughly via Scanning Electron Microscope and
Energy Dispersive X-ray Spectroscopy (SEM/EDS). Secondary Electron (SE) and Backscattered
Electron (BSE) detectors were used to analyze the microstructural features of the samples at
different holding times, using an accelerating voltage of 15 kV for general observation and EDS
analysis. Al K-alpha radiation X-Ray Photoelectron Spectroscopy (XPS) was used to analyze the
oxide scale formed on selected samples after the interrupted ignition test. A pass energy of 200 eV
and a step size of 1 eV were used to determine the chemical composition of the oxide scale (also
known as survey spectra), while a high-resolution scanning spectrum was collected using a pass
energy of 50 eV and a step size of 0.1 eV to identify the chemical state of an element when
required. A 400 pm diameter region was utilized to obtain a compositional depth profile of the
surface by gradually removing layers of oxide scale via an Ar ion beam, with a rate of 0.68
nm/second when TaxOs is etched, which is reference material of the instrument for the removal
process. The compounds present on our oxide scales posses a lower hardness compared this
reference material, hence the actual etching depth may be higher than the one present in this study
and the use of nm to define the etching depth (or oxide scale thickness) should be only viewed as
a reference. The Mg KLL region peaks were analyzed for each sample to define the approximate

position of the metal/oxide interface during depth profile analysis. The significant chemical shift
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observed between metallic and oxide components in this region facilitates their identification even
when charging effects are present. This method is illustrated in Fig. 7.6, and it was used for each
XPS depth profile presented in this work, indicating the approximate metal/oxide interface using
a red dotted line. The data obtained was analyzed using the Advantage -Thermo Fisher Scientific
software.

A FIB-SEM Helios Nanolab 660 DualBeam (Focused Ion Beam- Scanning Electron
Microscope) was used only to extract the oxide cross-section specimens and thin them down to
100 nm. Then, the samples were observed using a FEI Tecnai G* F20 200 kV Cryo-Scanning
Transmission Electron Microscope (TEM) equipped with a Scanning Transmission Electron
Microscopy (STEM) mode to obtain bright field and High-Angular Annular Dark-Field (HAADF)
images. XRD was used to determine the intermetallic compounds in the as-cast alloy samples. The
samples were placed inside an X-ray Bruker diffractometer equipped with a Cu Ko radiation

source of A= 1.54060 A; between 15° and 110° for 26.

7.3 Results
7.3.1 Ignition temperature

Four binary compositions, Mg-1.1Sr, Mg-1.5Sr, Mg-2.1Sr, and Mg-2.4 Sr, were used to
observe the change in ignition temperature with an increasing amount of Sr when compared to
pure Mg. The phase diagram (calculated using the FactSage™-FTlite database) for the Mg-Sr

system is shown in Fig. 7.1, along with the melting temperatures of each alloy.
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Fig. 7.1. Mg-Sr phase diagram calculated through FactSage™. The liquidus temperatures for the

Mg-Sr binary alloys used in this work are indicated on top of the diagram.

The ignition tests results obtained at two heating rates are shown in Fig. 7.2. With a low

heating rate (LHR), the ignition temperature increases to 808 °C with 2.1 Sr. This is higher

compared with the previously reported temperature of 766 °C for an Mg-2.0Sr alloy [7]. However,

using a high heating rate (HHR), the ignition temperature decreases to 638 °C at 2.4 Sr. The rest

of the alloys from 1 to 2.4 wt% Sr show the same trend. The ignition temperature increases with

increasing wt% Sr using an LHR; but it drops dramatically when an HHR is used, bringing the

ignition temperature close to the melting temperature of each alloy.
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Fig, 7.2. Change in Tiversus Sr wt%. The LHR increases T; significantly, while the HHR has a less

significant effect.

7.3.2 Interrupted Ignition Tests of Mg-2.4Sr: Oxide Scale Evolution

Interrupted ignition tests were carried out on the Mg-2.4 Sr, which demonstrated the most
significant difference in ignition temperature between the two heating rates employed and the
lowest ignition temperature for the HHR sample. The tests were performed to analyze the
microstructural changes in the sample through the heating process, using both heating rates. The
curves in Fig. 7.3 represents the temperature inside Mg-2.4 Sr samples heated using both LHR and

HHR; the dotted lines indicate the point where the test was stopped.
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Fig, 7.3. Continuous heating curves for Mg-2.4 Sr alloy at HHR and LHR. The dotted lines show
the temperatures were ignition tests were interrupted, which coincides with the solid (560 °C),

semi-solid (620 °C) and liquid (700 °C) states.

7.3.2.1 As-Cast alloy

Fig. 7.4a shows the SEM micrographs of the Mg-2.4 Sr alloy, which has a dendritic Mg
matrix and an interdendritic intermetallic compound identified as Mgi7Sr> (hP38, Nij7Thy type)

via the XRD spectra shown in Fig. 7.4b.

= Magnosiom
& MgpSe;

“ A 50 60 0 80 9 100

Fig, 7.4. (a) SEM micrograph of as-cast Mg-2.4Sr and (b) XRD spectra for the Mg-2.4 Sr alloy.
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EDS indicates that no Sr is retained within the matrix in the as-cast condition (the EDS
detector resolution is 0.1wt%), which is expected due to the limited solubility of Sr in Mg even at
high temperatures. Sr solubility in Mg reaches a maximum of 0.11 wt% at 585 °C.

The XPS depth profile analysis (Fig. 7.5a), shows that the Sr level is significantly low
through the oxide scale in the as-cast state, reaching a maximum of 0.2 at% Sr at the deepest
etching level. This is below the bulk composition of 0.68 at% (2.4 wt%). The oxide scale in the
cast condition is thin, as the Mg metallic component intensity in the high-resolution Mg KLL
region (Fig. 7.5b) gradually increases after just 10 nm etching. According to the binding energy
shift in the high resolution scans in Fig. 7.5(c,d), the oxide suffers hydroxylation and carbonation
due to the exposure to the atmosphere, resulting in their components shown for Mg2p and Ols.
The Mg2p region displays a metallic component at 49.8 eV (FWHM=0.92). The component at
51.0 eV (FWHM=1.8) belongs to MgO, which overlaps right over the Mg(OH)> component [37,
38]. Finally, a small component belonging to MgCOs is visible at 52.0 eV (FWHM=1.78). The
peak area ratios were compared to the ones deconvoluted in the Ols region to ensure the assigned
values have a proper physical meaning. For the O1s region, there are two components visible; the
O” at 531.2 eV (FWHM=1.72), a carbonate component at 533.4 eV (FWHM=1.9 e¢V) and a high
binding energy peak at 533.35 eV (FWHM=1.7), which has been identified in the literature as
surface chemisorbed -OH groups [39]. Sr 3d signal was too weak to perform a proper
deconvolution, but the peak present at the 30 nm level displayed binding energy of 135.1 eV,

suggesting the formation of SrO [40].
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Fig, 7.5. XPS depth profile analysis (a), Mg KLL transitions of Mg-2.4 Sr alloy in the cast condition

(b), and the corresponding deconvolution of the level at the deepest level (c,d). The dotted line in

(a) shows the depth where the Mg metal peak is first detected in the Mg KLL region spectra.

7.3.2.2 Mo-2.4 Sr after interrupted ignition test at 560 °C

As per Fig. 7.1, the Mg-2.4 Sr alloy is solid at 560 °C, and the LHR and the HHR samples

show only a few microstructural changes when heated up to this temperature. The SEM images of

the Mg-2.4 Sr alloy before and after the interrupted ignition test are shown in Fig. 7.6, for LHR

(a-c) and HHR (d-f). In both samples, the interdendritic region is selectively oxidized. The EDS
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line scans of the two samples, presented in Fig. 7.6c and Fig. 7.6f, indicates that the matrix is also
oxidized, but the amount of oxygen present in the interdendritic regions is higher. The amount of
Sr detected over the Mg matrix using a large analysis area, is consistently 0.8 wt% for the LHR
sample and 1.6+0.2 wt% for the HHR sample.

a)Mp-2.4 Sr cast alloy b) 560 °C LHR
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Fig, 7.6. SEM micrographs of selected regions before (a, c) and after (b, d) interrupted ignition
tests at 560 °C using both HHR and LHR. The dashed line represents the region analyzed with
EDS line scan. (e, f) EDS line scans of the transition between the intermetallic region and the Mg

matrix.

The XPS analysis (Fig. 7.7) shows that LHR and HHR samples have similar compositions
when a depth profile is performed. Both have a higher amount of Sr at the outermost surface, which
declines after the first etching step. In both samples, Mg metallic components are clearly observed

at the 500-nm level.
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Fig, 7.7. XPS depth profile analysis and Mg KLL transitions of Mg-2.4 Sr alloy after an interrupted

test at 560 °C. A higher amount of Sr can be observed on the outermost surface of both samples.

7.3.2.3 Mo-2.4Sr after interrupted ignition test at 620 °C

At 620 °C, ~18% of the alloy reaches the liquid state according to the phase diagram in
Fig. 7.1. The SEM images of samples before (Fig. 7.1 a,f) and after the interrupted ignition tests
at 620 °C (Fig. 7.1 b,g) and their respective EDS maps reveal significant differences between LHR
and HHR samples. The LHR sample (Fig. 7.8 a-e) shows an oxidized region that resembles the as-
cast interdendritic region, along with a sizeable Sr-rich phase not associated with oxygen, which
is the re-solidified fraction of the alloy that reaches the liquid state. Smaller particles inside the re-
solidified Sr-rich phase seem to contain a higher amount of Sr when compared to its surroundings.
The HHR sample (Fig. 7.8 f-j) does not show the re-solidified Sr-rich phase observed in the LHR
sample. Instead, there are several Sr-rich particles somewhat associated with oxygen. These

particles are concentrated in spots rather than extended over the surface. In this sample, the
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interdendritic region is heavily oxidized, and it extends towards the matrix with some cracks
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Fig, 7.8. SEM micrographs of selected regions in LHR and HHR Mg 2.4Sr samples before (a, f)

present (Fig. 7.8g).

a) Mg-2 4 Sr cast alloy

c) Mg

b) 620°CLIIR

e

) Mg

and after (b, g) interrupted ignition tests at 620 °C. EDS maps of the Mg-2.4 Sr LHR (c-e) and
HHR (h-j) samples are presented. (d) Sr-rich regions can be observed through the surface, which

are not strongly associated with oxygen. (d and i) Sr-rich particles are observed.

Oxide cross-sections were extracted from the LHR and HHR samples interrupted at 620
°C using an SEM equipped with a Focused lon Beam (FIB). The bright-field TEM images obtained
are shown in Fig. 7.9. The LHR sample has a re-solidified Sr-rich phase covered by a thin oxide
scale. The thickest region of the oxide scale belongs to the position of the original interdendritic
region in the cast state and reaches an approximate maximum of 300 nm. Sparsely distributed SrO
nodules were present in other interdendritic regions of the LHR sample (as seen in Fig. 7.8d). The
HHR sample has a thicker oxide scale close to 700 nm and shows the formation of numerous SrO
nodules close to the former interdendritic region, which coincides with the observations made

using SEM/EDS.
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Fig, 7.9. (a) TEM bright-field image of the oxide cross-section extracted through FIB from the
Mg-2.48r sample interrupted at 620 °C using an (a) LHR and (b) HHR. The thicker oxide regions
in both samples correspond to former interdendritic regions, the approximate thickness is

indicated.

A High-Angular Annular Dark-Field image (HAADF) of the LHR sample oxide scale is
presented in Fig. 7.10. The image belongs to the former interdendritic region indicated in Fig. 7.9a.
There is an enrichment of the outermost surface by SrO (A) while the inner oxide is mostly MgO
(B) with a small amount of Sr present. Cu signal comes from the sample holder while Ga is a

residual from the FIB process used to extract the sample.
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Fig, 7.10. HAADF image of the oxide scale over the Mg;7Sr> intermetallic at the former
interdendritic region in the LHR sample interrupted at 620 °C. The outermost surface is covered

by SrO (A) while the inner scale is mainly composed by MgO (B) with a small amount of Sr.

The XPS depth profiles of the LHR and HHR samples are shown in Fig. 7.11. It is seen that
the thickness of the oxide in the two samples is different; the Mg-metal component in the LHR is
visible at 500 nm (which is close to the 300 nm thickness observed in Fig. 7.10a). From this point,
the amount of Sr tends to increase towards inner levels of the oxide scale. In the HHR sample, the

Mg-metal component is visible at 750 nm, confirming the oxide scale larger overall thickness in

the HHR sample.
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Fig, 7.11. XPS depth profiles after an interrupted test at 620 °C using (a) an LHR and (b) an HHR.
Sr is enriched in the outermost surface and decreases towards the metal/oxide interface, which is

shown with dotted lines.

7.3.2.4 Mgo-2.4Sr after interrupted ignition test at 740° C

Fig. 7.2 indicates that, at 740 °C, the HHR sample ignited at 638 °C, hence, making it
impossible to analyze it at this point. When the LHR sample reaches 740 °C, it is fully molten as
seen in Fig. 7.1 phase diagram. Fig. 7.13a shows the SEM image of the top surface of the re-
solidified LHR sample. The cross-section of this sample (Fig. 7.13b) shows a re-solidified network
of Mgi7Sr> through the sample. Fig.7.13¢ shows the EDS mapping of the top surface of the re-
solidified sample. The re-solidified Sr-rich phase observed in the semi-solid state is present at the
liquid state as well, which is not strongly associated with oxygen on the surface. Sr appears to be
concentrated through the oxide scale formed at early stages.

An XPS depth profile (Fig. 7.14) was performed up to a 2000 nm level; the Mg metallic

component can be observed at 1000 nm, which is the double of the 500 nm oxide observed at 620
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°C in the LHR sample. The oxide scale is composed mainly by Mg, with only a small amount of
Sr in it.

ay Mg-2.4 StLHR 740°C

Fig, 7.12. SEM-BSE images of (a) the oxidized surface in the Mg-2.4Sr sample after interrupted
ignition test at 740 °C and (b) a cross-section of the same sample. (c) EDS maps of LHR Mg-2.4
Sr and interrupted at 740 °C. Sr-rich regions can be observed through the surface, which are not

strongly associated with oxygen.

Fig, 7.13. XPS depth profile analysis (a) and Sr3d high-resolution scan (b) of Mg-2.4 Sr alloy after

an interrupted test at 740 °C using an LHR. The oxide scale is composed mainly by MgO.
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7.4 Discussion

The observations via SEM and XPS on the oxide scale evolution are summarized in Table 7.3.

Table 7.3. Summary of the results obtained through the interrupted ignition tests.

T (°C)/state | Samples | Surface characteristics Oxide scale characteristics
Room As-cast | Eutectic Mgi7Sr> MgO (with some
T/solid hydroxylation/carbonation)
560 °C/solid | LHR Oxidized interdendritic 500 nm oxide scale with a high amount
HHR regions. Lateral oxide growth. | of Sr at the outermost surface
620 °C/re- | LHR Re-solidified Mg17Sr2 not 500 nm oxide scale SrO enriched at the
solidified associated with O. SrO outermost region.
semi-solid particles engulfed in re-
solidified Mg17Sr2 and SrO
oxide nodules
HHR Oxidized Mgi7Sr2. Extensive | 750 nm oxide scale. Slightly higher Sr
interdendritic oxidation with | content at the outermost surface when
lateral growth and presence of | compared to LHR sample.
SrO nodules.
740 °C/re- | LHR Re-solidified Mg17Sr2 phase 1000 nm oxide scale. Mainly MgO, no
solidified on the surface. No Sr-rich SrO enrichment at the outermost surface
liquid nodules.
HHR Above the ignition temperature

The solid-state (560 °C) oxidation behavior of both samples at this stage displays close

similarities; 500-nm thickness oxide scale, selectively oxidized intermetallic compounds and high

Sr content at the outermost surface. This increase of Sr at the outermost surface is caused by the

lower oxygen affinity of Sr at this temperature when compared to Mg. During high-temperature

oxidation in the solid-state, Sr will oxidize mostly from the interdendritic regions, and further

growth will be controlled by (i) the lateral growth of this oxide and (ii) the diffusion of Sr though
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the MgO formed at the matrix. This will drive Sr towards regions with a higher oxygen activity
within the oxide scale (gas/oxide interface), while Mg will oxidize at regions with a lower oxygen
activity (metal/oxide interface). One difference observed between heating rates at this stage is the
amount of Sr over the matrix. Sr wt% in the HHR is double when compared to the LHR sample.
This suggests a higher degree of lateral oxidation coming from the interdendritic region in the
HHR sample.

During the semi-solid state (620 °C), the oxidation in the HHR sample seems to proceed
mostly from the interdendritic regions and towards the matrix through lateral growth. This
generates increasing stresses since the lateral growth strain rate is proportional to the thickening
rate of the oxide [41]. This explains the cracks observed in 7.8g. Also, numerous SrO nodules are
formed through the scale, creating vulnerable regions in the oxide scale. Once the liquid state is
reached, the sample ignites due to the lack of a protective oxide through most of the sample surface.
The LHR sample, on the other hand, allows the formation of Sr-rich pools which in turn results in
the formation of a regular SrO scale at the gas/oxide interface, hindering oxidation through this
stage and once the liquid state is reached. At the liquid stage (740 °C), SrO might be reduced by
Mg as further oxidation proceeds, decreasing its overall content in the oxide scale.

Through the presented results, it is evident that the formation of a rich layer of SrO itself
is not the only critical factor for the development of a protective scale. Although the formation of
a compact oxide MgO/SrO scale at the gas/oxide interface would prove to be protective thanks to
its Effective Pilling Bedworth Ratio (EPBR) higher than 1, there are some other factors to consider.
Profuse oxidation and increase of internal stresses in the oxide scale over the interdendritic regions
result in the early ignition of the HHR sample. The Sr surface enrichment in the liquid fraction of

the LHR semi-solid state, improves the distribution of Sr through the surface, allowing the
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formation of a more protective oxide scale than the one developed due to lateral growth in the
solid-state. The protection offered by Sr against ignition is hindered by its close oxygen affinity to

Mg at high temperatures and is dependent on its surface activity in the liquid state.

7.5 Conclusions

The ignition resistance of a series of Mg-Sr alloys (Mg-1.1Sr, Mg-1.5Sr, Mg-2.14Sr, and
Mg-2.4Sr) was tested using two different heating rates. The results indicate that the use of a high
heating rate (HHR) would cause the Mg-Sr alloys to ignite prematurely, close to their liquidus
temperature. On the other hand, the use of a low heating rate (LHR) rate increases the ignition
temperature of pure Mg significantly by adding as low as 1 wt% Sr. Interrupted ignition tests at
the solid, semi-solid and liquid stages during continuous heating resulted in the following:

1. During the solid-state, the oxidation behavior of both samples is similar. Both samples
show enrichment of Sr at the gas/oxide interface.

2. During the semi-solid state, the samples heated using an LHR display the formation of
molten Sr-rich pools, allowing an even distribution of SrO.

3. The HHR samples do not develop Sr-rich pools due to the short time elapsed, resulting in
more substantial oxide stress due to lateral growth and the formation of numerous SrO
nodules.

4. At the liquid stage, the HHR sample ignites. The LHR withstands the temperature increase
thanks to the continuous SrO scale formed at early stages due to the formation of Sr-rich
pools.

5. The Sr content is rather low through the interrupted tests, even at the liquid stage, meaning
that the protection mechanism is hindered by the low oxygen affinity of Sr when compared

to Mg.
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The initial analysis in this thesis consisted in the ignition testing of a ternary Mg-2.5Sr-
1.0Ca alloy, which showed an ignition temperature improvement (747 °C) when compared to pure
Mg (634 °C) or commercial alloys such as AZ91 (580 °C) [1]. This was attributed to the formation
of a protective CaO/SrO scale with an Effective Pilling Bedworth Ratio (EPBR) greater than 1,
due to the difference in molar volume between the alloy itself and the oxide formed on its surface.
With this, it was defined that both SrO and CaO had the potential to form protective oxide scales
under this principle. However, most of the contribution in the solid state came from the formation
of CaO, while SrO was formed virtually only at the liquid state. In either way, the lower content
of MgO on the surface would allow the formation of a protective barrier which increases igntion
temperature.

However, when this ternary alloy was compared to its binary counterparts reported in the
literature, it was observed that the simultaneous addition of Ca and Sr resulted in an apparently
detrimental result. The ignition temperature of a Mg-2.0 wt% Sr binary alloy was reported to reach
766 °C [2]. The simultaneous use of Sr and Ca would not cause a synergistic effect increasing the
ignition temperature of Mg.

Hence, binary Mg-Ca (1.1, 1.7, and 3 wt% Ca) and Mg-Sr (1.05, 1.5, 2.1, 2.4 wt%) alloys
were cast to analyze the underlying mechanisms that might cause this discrepancy. The use of two
heating rates, a High Heating Rate (HHR) of 45 °C/min and a Low Heating Rate of 25 °C/min
(LHR) in the binary alloys, not only revealed one of the reasons for the different ignition
temperatures found in the literature, but also unveiled some mechanisms not previously reported
in Mg-Sr and Mg-Ca binary systems, revealing interesting differences between them. These

differences are summarized as follows:

196



Chapter 8 - General Discussion

Ignition temperature: The difference observed between using an LHR and an HHR rate was only
evident when larger amounts of Ca (2 wt% and 3 wt% Ca) were used, while at 1 wt% Ca the
difference was not clearly discernible. On the other hand, the Mg-Sr alloys demonstrated a
dramatic change in ignition temperature, where the use of an HHR resulted in ignition at the
melting temperature at any Sr wt%. This explained the difference against the values found in the
literature, as the Mg-2.5Sr-1.0Ca alloy was tested using an HHR, but the causes for this
phenomenon in the Mg-Sr and Mg-Ca systems were still unclear. It is important to remember that
these discrepancies were not observed in pure Mg, but only in the Mg-Ca and Mg-Sr alloys. This
pointed out the importance of microstructural evolution in the ignition outcome, especially in

multi-phase systems.

Table 8.1. Summary of the average ignition temperatures obtained for the Mg-Ca and Mg-Sr

binary alloys. Units are in degrees Celsius.

Mg-Ca alloys | LHR HHR Mg-Sr alloys | LHR HHR
Pure Mg 655 658 Pure Mg 655 658
Mg-1.1Ca 753 775 Mg-1.0Sr 750 640
Mg-1.7Ca 841 752 Mg-1.5Sr 782 643

- - - Mg-2.1Sr 808 646
Mg-3.0Ca 861 787 Mg-2.4Sr 802 638

Surface microstructure evolution: In both Mg-Ca and Mg-Sr alloys, the presence of molten
eutectic pools defined the effectiveness of the alloying elements in increasing the igntion
temperature of Mg. In the Mg-Ca alloys, the presence of oxidation-resistant pools (using an LHR)
allowed the formation of a thin and compact CaO scale through the alloy surface. Otherwise, the

use of an HHR would result in the profuse oxidation of the solid intermetallics causing the
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formation of CaO nodules and early oxide breakdown. Here, there is little competition between
MgO and CaO formation, as the latter has a significantly higher oxygen affinity, overpowering
MgO formation. The cause for the early igntion using an HHR is related mainly to the profuse
oxidation of Ca and oxide failure which exposes molten Mg to the atmosphere, rather than the lack
of CaO formation. Compared to Mg-Sr alloys, the early ignition is related to a substantially
different mechanism. The presence of Sr-rich molten pools allowed the formation of a continuous
SrO oxide scale evenly distributed over these pools. Using an HHR results in the oxidation of SrO
mostly from the solid interdendritic regions, resulting in oxide nodules and an oxide scale that
grows laterally with higher internal stresses. Once the liquid state is reached under these
conditions, the poor SrO coverage of the surface results in early ignition.

In summary, the semi-solid state played an important role in the ignition temperature due
to the formation of molten pools for both binary alloys. This is contrary to the previous belief that
the formation of eutectic pools is imperatively a cause for Mg evaporation and early ignition [3].
Oxide growth: XPS depth profiles were performed in the Mg-3Ca and Mg-2.4Sr alloys to track
the oxide growth at each stage of the ignition test. In general terms, the Mg-3Ca alloy developed
Ca-enrichment at the metal/oxide interface during the solid and semi-solid stages. Diffusion of Ca
ions is slower than Mg ions through the initial MgO scale, but due to the higher oxygen affinity of
Ca, CaO would tend to be formed at the metal/oxide interface (low oxygen partial pressure)
reducing MgO. Sr, on the other hand, has an even lower diffusion rate in MgO compared to Ca
ions, as diffusion of ionic species is inversely proportional to their ionic radius [4]. At low
temperatures, Sr oxygen affinity is lower than that of Mg, hence driving the formation of SrO
towards the gas/oxide interface, where more oxygen is available. For this reason, Sr tends to enrich

the outermost surface of the alloy, but the inner layers are still composed mostly by MgO.
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At the liquid stage, however, Ca oxidizes profusely in the Mg-3Ca when an HHR is used,
causing breakage of the oxide scale despite its protective nature. The LHR sample develops a thin
and protective oxide scale, thanks to the formation of widespread oxidation-resistant eutectic
molten pools. In the liquid Mg-2.4Sr alloy, the amount of Sr in the oxide scale is very low, even
at the outermost surface, but once again, the use of an LHR results in the formation of a thin oxide
scale with a small amount of SrO at the outermost surface, resulting in a higher ignition
temperature.

When we compare this to the Mg-2.5Sr-1Ca alloy, we can observe that in this alloy, the Sr
and Ca contents are significantly high through the oxide scale during the liquid stage and at the
onset of ignition. Despite the protective nature of a compact oxide scale with an EPBR higher than
1, the formation of thick oxide scales and oxide nodules results in early ignition, as observed in
the two binary alloys. Hence, the combined use of Ca and Sr seemed to affect the effectiveness of
Sr increasing the ignition temperature due to the vigorous oxidation of this element at the liquid
stage, compared to the binary Mg-2.4Sr alloy heated with an LHR. This demonstrated that there
are other mechanisms besides the EPBR that are critical for the formation of a protective oxide
scale, which will be explained in the next section.

It is evident that there are significant differences between Mg-Sr and Mg-Ca systems; Ca
has a higher oxygen affinity which allows a readily oxide formation that offers some degree of
protection regardless of the heating rate used, thanks to its EPBR greater than 1 when alloyed with
Mg. Sr, despite being able to form a compact oxide scale under the same principle, has a lower
oxygen affinity (compared to Mg) that impedes the formation of a protective scale solely relying

on this mechanism. It depends almost entirely on the formation of liquid pools to develop a
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continuous SrO scale, which would explain the importance of Sr surface-segregation previously
discussed in our group.

In summary, observing the comparison between Mg-Sr, Mg-Ca and the Mg-Sr-Ca alloys,
it is possible to state that the main factor improving Mg ignition temperature resides in the use of
high oxygen affinity elements, followed by their capacity to develop an oxide with an EPBR higher
than 1. The use of surface-active elements will be an asset if the selected element complies with
these two characteristics. Localized vigorous oxidation of second phases would result in early
ignition despite the protective nature of the oxides formed over the alloy. Hence, the matrix
solubility, early liquid formation, and second phase distribution greatly affect the ignition
temperature of Mg alloys. The third element seemed to not display an effect in the Mg-Sr-Ca
system as SrO and MgO oxygen affinities lie very close. This hindered the capability of Sr to
provide a proper protection as Mg and Ca higher oxygen affinities were dominant in the oxidation
process, despite the surface-active behavior of Sr. The use of an element with an intermediate
oxygen affinity between Mg and Ca, or, with an oxygen affinity higher than Ca would be an option
to apply this effect in the Mg-Ca system. This could allow the formation of a barrier at the
metal/oxide interface that allows the most oxygen reactive element to form a protective barrier

using lower quantities in the alloy making.
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Chapter 9 - General Conclusions and
Future Work

9.1 General Conclusions
In this thesis work, the feasibility of developing Mg-Sr-Ca ignition resistant alloys was
evaluated, along with the effect of heating rate on the ignition temperature of Mg-Ca and Mg-Sr

binary alloys. For these three subjects, the following general conclusions were drawn:

9.1.1 The Mg-2.55r-1.0Ca Alloy

The simultaneous use of Ca (1.0 wt%) and Sr (2.5 wt%) results in an ignition temperature of
747 °C, which is an improvement of ~100 °C when compared to pure Mg (658 °C). However, this
improvement is less when compared to the ignition temperature of 775 °C of the Mg-1.1Ca binary
alloy, obtained under the same conditions. Hence, the addition of Sr does not show a synergistic
effect when used simultaneously with Ca. The following highlights can be drawn from the

mechanism behind this result.

1. The protective behavior of elements with a Pilling-Bedworth Ratio (PBR) lower than 1 can
be explained due to the difference that exists between the molar volume of the pure
elements and the molar volume of the alloy (substrate) in which these elements are
employed. The calculation of an Effective Pilling-Bedworth Ratio (EPBR) demonstrates
that considering the molar volume of CaO and SrO over an Mg alloy, results in EPBR
values greater than 1, hence explaining the protective behavior of these elements as
alloying elements in Mg.

2. During the solid-state oxidation of the Mg-2.5Sr-1.0Ca alloy, Ca is the main element being

oxidized, increasing its amount over the alloy surface during isothermal holding tests at
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500 °C. This element oxidizes preferably due to its high oxygen affinity when compared
to Mg and Sr.

At the liquid state, Sr on the surface increases as it can spread through the liquid surface,
with its oxide being formed at the gas/oxide interface due to its lower oxygen affinity.
However, the amount of MgO is still high at this stage.

The increase in ignition temperature observed in the alloy seems to be caused by the
oxidation of Ca at early stages and the combined, but limited, protection provided by Sr

and Ca in the liquid state.

9.1.2 The Mg-Ca Alloys

Two papers presented in this work, analyze the effect of heating rate on the ignition

temperature of binary Mg-Ca alloys. The following highlights were drawn:

1.

The use of two different heating rates results in different ignition temperatures for Mg-2Ca
and Mg-3Ca alloys. A high heating rate (HHR) results in a lower ignition temperature
compared to the ones obtained using a low heating rate (LHR). The ignition temperature
of pure Mg and the Mg-1Ca alloy is virtually the same using either heating rate.
Interrupted ignition tests in the solid, semi-solid and liquid states revealed that the use of
an LHR promotes the formation of extensive molten eutectic pools in the semi-solid state.
The HHR samples displayed the same molten eutectic pool formation in a lesser degree,
along with the formation of numerous internal CaO nodules.

Thermodynamic calculations revealed that the molten eutectic pools were more resistant
to oxidation compared to the solid intermetallic compound present in the eutectic micro

constituent.
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4,

The early oxidation of the solid intermetallic regions promoted the formation of a mottled
and irregular oxide scale. Despite being rich in CaO, this scale would oxidize profusely,
lowering the ignition temperature of the sample compared to the more continuous and

protective oxide scale developed in the LHR samples.

9.1.3 The Mg-Sr Alloys

The effect of heating rate on binary Mg-Sr alloys was analyzed. Contrary to Mg-Ca alloys,

where an improvement in ignition temperature was observed despite using either heating rate, the

addition of Sr to Mg displayed a detrimental effect in pure Mg ignition temperature when an HHR

was used. The following highlights can be drawn:

1.

Ignition temperatures for 1, 1.5, 2.1 and 2.4 wt% Sr additions were close to the melting
temperature of each alloy in the HHR samples.
Ignition temperature increased to a maximum of 808 °C with 2.1 wt% using an LHR. The

addition of 2.4 wt% Sr resulted in a similar temperature (802 °C).

. As in the Mg-Ca alloys, the main difference observed was in the interrupted ignition test

during the semi-solid state. The use of an LHR resulted in the formation of molten pools
that were widespread through the alloy. The HHR sample showed vigorous oxidation over
the solid Mg17Sr intermetallic compound.

Using both heating rates, it was seen that SrO nodules are present, and the overall oxide
scale is rich in SrO at the gas/oxide interface.

The formation of the molten pools in the LHR sample allowed the formation of a
continuous oxide scale at the gas/oxide interface.

Selective oxidation of the solid intermetallic compounds in the HHR sample causes the

formation of a thick oxide scale and numerous oxide nodules. The oxide growth extends
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from the interdendritic regions and into the matrix through lateral growth. This induces
internal stresses in the oxide scale due to the accelerated oxidation, resulting in early
ignition.

Despite having an EPBR greater than 1, the close oxygen affinity of Sr and Mg seems to
hinder Sr capability of creating a continuous protective oxide scale, as observed in Mg-Ca

alloys.

9.2 Future Work

Based on the work presented in this thesis, the following points are proposed for future research

work in the development of ignition resistant Mg alloys:

1.

According to the work presented in Chapter 4, some potential elements that have an oxygen
affinity greater and can develop a protective oxide scale based on their EPBR are presented
in table 9.1. It is important to note that the effectiveness of these elements can be limited
by their surface-active behavior or the resulting microstructure when alloyed with Mg.
Localized oxidation can result in the development of a non-protective oxide scale despite

these characteristics:
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Table 9.1. Potential alloying elements for the development of ignition resistance Mg alloys.

Molar mass Density Molar EPBR of oxide
Proposed . volume
Oxide over a Mg alloy
element 3mol (1.8 g/em?)
g/mol g/cm’ cm/mo 08

Er Er.0s 382.56 8.64 4428 1.6
Sc Sc20s 137.91 3.86 35.73 1.3
Y Y205 225.81 5.01 45.07 1.7
La Laz20s 325.81 6.51 50.05 1.9
Ce Ce:0:s 328.24 6.20 52.94 2.0
Nd Nd:0s 336.48 7.24 46.48 1.7
Gd Gd:0s 362.50 7.07 51.27 1.9
Tb Tb:0s 365.85 7.91 46.25 1.7

2. Third Element Effect: It was seen in this study that a combination of Sr and Ca added to
Mg did not lead to the most effective alloy design for ignition resistance. Sr, having lower
affinity to oxygen compared to Mg and Ca, oxidizes less. Extensive oxidation of Ca leads
eventually to the growth of to a thick oxide that loses its compactness exposing Mg to
oxygen. It is argued that an effective alloy design can be possible by combining Ca with
an element that oxidizes more than Mg and Ca or one that has affinity between Ca and Mg.
The third element should also have an EPBR greater 1. In both cases oxidation of Mg and
Ca would be slowed down, a compact scale would form, and its extensive growth would

be avoided. Table 9.2 displays the elements that could activate this effect in Mg-Ca binary
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alloys, either by having an oxide whose Gibbs energy of formation is intermediate between

Mg and Ca or higher than both, making Ca the intermediate element.

Table 9.2. Alloying elements that have an intermediate or higher oxygen affinity (in terms of Gibbs

free energy change for their oxides considering 1 mol of O;) to activate the third element effect.

Elements whose oxide Gibbs free energy Elements whose oxide Gibbs free energy
change is intermediate between Mg and Ca change is higher than Mg and Ca
La, Ce, Nd, Gd, Ho, Th Sc, Y, Er

3. Kinetic studies of binary Mg-Ca and Mg-Sr alloys using different heating rates. This would
help to understand the growth rates of the analyzed oxide scales under different conditions.

4. Analyze the effect of geometry in the ignition temperature. It is known that a large surface
to volume ratio is detrimental for ignition. However, the presence of sharp corners and
edges might play an important role in the integrity of Mg pieces exposed to high
temperatures.

5. Flammability testing can be performed on Mg-Sr alloys to observe if the mechanisms
observed in the high heating rate tests have the same impact in samples exposed to a direct
flame.

6. In-depth analysis of the internal stresses generated due to lateral growth for Mg-Sr alloys.
The addition of other alloying elements may reduce stress accumulation and improve the

oxide scale covering.
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Chapter 10 - Contributions to Original
Knowledge

This doctoral study discovered and developed important concepts related to the ignition behavior

of Mg alloys.

10.1 The Effect of Heating Rate on Ignition Temperature:

It was determined that for Mg alloys with Ca and/or Sr additions, the ignition mechanism
and ignition temperature are dependent on the heating rate. The effect of heating rate was
especially important in altering the outcome during the semi-solid stage when heating of the alloy
towards the ignition temperature. It was shown that the discrepancy in the ignition temperatures
of specifically Mg-alkaline earth alloys can be largely due to the differing heating rates used in
ignition tests. This effect can also be investigated for Mg-rare earth alloys in the future. The finding
has bearing on the FAA standards on flammability tests that are used in evaluating Mg alloys for

aircraft in-cabin applications.

10.2 The Differing oxidation resistance of the second phases in solid and
liquid states in Mg-Ca Based Alloys

A very important finding is that thermodynamics predict, and the experimental studies
confirm, that the oxidation resistance of the solid eutectic second phase in the interdendritic regions
of Mg-Ca based alloys is lower than the oxidation resistance of the molten eutectic micro-
constituent during the semi-solid stage. This refutes previous research which suggested that the
presence of molten regions during the semi-solid state would be detrimental for ignition resistance

due to the enhanced Mg evaporation.
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10.3 Effective Pilling Bedworth Ratio

A new concept in the study of Mg ignition, that of Effective Pilling Bedworth Ratio, was
developed and used to explain the effectiveness of CaO and SrO on Mg alloys. This new concept
removes the confusion in using the conventional Pilling-Bedworth Ratio to explain the protective
nature of the oxide scale that forms on an alloy. It reveals that the volume of the oxide scale should

be compared to the volume of the Mg alloy and not to the volume of the pure alloying elements.

10.4 Mechanisms of Ignition in in Ternary Mg-Ca-Sr Alloys

This is a very first look at the ignition behavior of Mg-Ca-Sr ternary alloys. More
importantly than being merely a first look the study has developed principles for the combined
addition of alloying elements to Mg for the purpose of improving the ignition resistance. It was
discovered that the principle of third element effect is one of the significant factors for alloy design
of ignition-proof Mg alloys. In this study it was seen that Sr did not provide improvement over
Mg-Ca alloy. During the solid-state Sr does not provide evident protection, while Ca seems to
hinder its performance. It was noted that in general the solid eutectic intermetallic has a lower

oxidation resistance.

10.5 Third Element Effect on Mg-Sr-Ca

It was seen in this study that a combination of Sr and Ca added to Mg did not lead to the
most effective alloy design for ignition resistance. Sr having lower affinity to oxygen compared to
Mg and Ca oxidizes less. Extensive oxidation of Ca leads eventually to the growth of to a thick
oxide that loses its compactness exposing Mg to oxygen. It is argued that an effective alloy design
can be possible by combining Ca with an element that oxidizes more than Mg and Ca or one that

has affinity between Ca and Mg. The third element should also have an EPBR greater 1. In both
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cases oxidation of Mg and Ca would be slowed down, a compact scale would form, and its

extensive growth would be avoided.
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