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Summary

The role of intermetallic phases in the corrosion of Mg-RE alloys

A new concept to develop a RE based Mg alloy with improved corrosion resistance was
followed in the current work. Based on subsequent characterisation steps to eliminate less
suitable RE elements the best microstructure for improved corrosion resistance was identified.
At first, the corrosion properties of selected RE elements were determined. Based on these
results RE elements that have a potential to enhance the corrosion resistance of Mg-RE alloys
were selected. Two aspects of RE elements were important for the selection: the
electrochemical properties and the solid solubility in Mg. If the solubility limit of RE elements in
the Mg matrix is exceeded, they form intermetallic phases with Mg. By performing galvanic
coupling measurements the compatibility between Mg matrix and intermetallic phases were
estimated.

At that point three binary Mg-RE alloys systems remained (Mg-Ce, Mg-La, and Mg-Gd). To
evaluate the influence of composition (amount of intermetallic phases) on the corrosion
behaviour, four concentrations were cast with 1, 5, 10 and 15 wt. % of RE. Ce and La have a
lower solid solubility in Mg matrix generating higher volume fraction of the secondary phases,
thus higher dissolution rates in the binary Mg-RE alloys. While Gd with higher solid solubility
shows a different behaviour. Additions of up to 10 wt. % Gd resulted in similar behaviour
compared to 1 wt. % Gd addition.

The most promising results were obtained for the Mg-Gd system with 10 wt. % Gd. Thus, the
microstructure of this alloy was further modified by heat treatments to understand the influence
of microstructural changes on corrosion behaviour. A ternary element was used to attempt
further optimisation of the corrosion performance. Additions of Al, Zn, Ga and Y did not show
any improvement in the corrosion resistance of Mg10Gd. This is due to increasing volume
fractions of critical more noble phases and the microstructure dominated by eutectic phase
formation. Thus galvanic effects became much stronger due to the increased amount of
cathodic phases in the eutectic regions. Mn was the only suitable ternary alloying element as it
did not lead to the formation of Mn-rich intermetallics. It was found in solid solution in the
intermetallics and to a lesser extent in the matrix without modifying the microstructure but
increasing the corrosion resistance. The results of this work allow the design of new corrosion
resistant Mg-Gd-Mn alloys by electrochemical evaluation and understanding of the basic
corrosion mechanisms and interactions of the different phases. Better performance was

predicted for reduced Gd contents and was finally experimentally verified.



Zusammenfassung

Die Rolle von intermetallischen Phasen in der Korrosion von Mg-SE-Legierungen

In der vorliegenden Arbeit wurde ein neues Konzept verfolgt, um eine SE-basierte Mg-
Legierung mit verbesserter Korrosionsbestandigkeit zu entwickeln. Anhand von nachfolgenden
Charakterisierungsschritten wurden Geflige und Korrosionseigenschaften korreliert und dabei
weniger geeignete SE-Elemente schrittweise eliminiert.

Zuerst wurden die Korrosionseigenschaften von ausgewahlten reinen SE-Elementen bestimmt.
Basierend auf diesen Ergebnissen wurden SE-Elemente ausgewahlt, die ein Potential vermuten
lassen, Mg-SE-Legierungen mit guten Korrosionseigenschaften zu ermdglichen. Dabei waren
zwei Aspekte fir die Auswahl der SE-Elemente wesentlich: die elektrochemischen
Eigenschaften und die Loslichkeit im Magnesium. Ist die Loslichkeitsgrenze von SE-Elementen
in der Mg-Matrix Uberschritten, bilden sich intermetallische Phasen mit Mg, die Uber
Lokalelementbildung malgeblich die Korrosionseigenschaften beeinflussen. Im nachsten
Schritt wurden deshalb anhand von Polarisations- und Kontaktkorrosionsmessungen
(intermetallische Phase/Matrix) die intermetallischen Phasen identifiziert, die eine gute
elektrochemische Kompatibilitat mit der Magnesiummatrix und hohe
Eigenkorrosionsbestandigkeit aufweisen.

An diesem Punkt blieben drei bindre Mg-SE-Systeme von Interesse ubrig (Mg-Ce, Mg-La und
Mg-Gd). Um den Einfluss der Zusammensetzung (Menge an intermetallischen Phasen) auf das
Korrosionsverhalten zu bewerten, wurden je vier Legierungen mit Konzentrationen von 1, 5, 10
und 15 Gew.% der jeweiligen SE-Elemente gegossen. Ce und La haben eine geringere
Léslichkeit im festen Zustand in der Mg-Matrix, so dass ein mit der Legierungskonzentration
zunehmender Volumenanteil der intermetallischen Phasen vorliegt, der mit hdheren
Auflésungsraten der bindren Mg-RE-Legierungen korreliert werden kann. Gd mit einer deutlich
hoéheren Ldslichkeit im festen Zustand zeigt diese Konzentrationsabhangigkeit der
Korrosionsrate bis 10 Gew. % Gd nicht und das Gefuge kann wegen der hohen Ldslichkeit
einfach modifiziert werden.

Insgesamt zeigte das Mg-Gd-System mit 10 Gew. % Gd im Gusszustand schon
vielversprechende Korrosionseigenschaften, die durch weitere Modifikationen optimiert werden
sollten. Im ersten Optimierungsschritt wurden unterschiedliche Warmebehandlungen
durchgefiihrt, um den Einfluss von Gefligeanderungen auf das Korrosionsverhalten zu
verstehen. Fein verteilte Phasen hatten einen positiven Einfluss auf die
Korrosionsbestandigkeit. Im zweiten Schritt wurde ein weiteres Legierungselement zu legiert,
um die intermetallische Phase zu modifizieren. Zusatze von Al, Zn, Ga und Y zeigten jedoch
eine Abnahme der Korrosionsbestandigkeit im Vergleich zu Mg10Gd. Dieses Verhalten konnte
auf steigende Volumenanteile der kritischen edleren intermetallischen Phasen und eine
verstarkte eutektische Phasenbildung zuriickgeflihrt werden. Die lokalen galvanischen Effekte

verstarkten sich sowohl durch die erhéhte Menge der kathodischen Phasen und deren kritische
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Anordnung in den eutektischen Regionen. Mn erwies sich als das einzige geeignete ternare
Legierungselement, da es nicht zur Bildung von neuen Mn-reichen intermetallischen
Verbindungen fuhrte und die Korrosionsbestandigkeit erhdhte. Es Ioste sich sowohl in der
intermetallischen Mg5Gd-Phase als auch in der Matrix, ohne das Geflige zu beeinflussen. Die
negativen Einflisse der intermetallischen Phase wurden durch die Mn-Zugabe reduziert, die
Korrosionsbestandigkeit der Matrix und die Passivierbarkeit der Legierung verbessert.

Zusammenfassend ermdglichen die Ergebnisse dieser Arbeit die Entwicklung neuer
korrosionsbestandigerer Mg-Gd-Mn-Legierungen durch das Verstandnis der grundlegenden
Korrosionsmechanismen und der Korrelation von Geflige (Rolle der intermetallischen Phasen)
und der Korrosionseigenschaften. Abschlielend wurden aufgrund der Ergebnisse deutlich
bessere Korrosionseigenschaften fir reduzierte Gd-Gehalte bei gleichbleibenden Mn-Gehalten

vorhergesagt und experimentell verifiziert.
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1. Introduction

The poor corrosion resistance of many Mg alloys is due to two general reasons: i) the internal
galvanic corrosion caused by impurities or second phases [1] and ii) the quasi-passive
hydroxide film on Mg is less stable than the passive films which form on other metals such as
aluminium and stainless steels [2]. Important improvements have been achieved during the last
decade such as reducing the heavy metal impurity content, using diverse alloying elements and
heat treatments to increase the resistance of magnesium alloys against corrosion in various
environments. These advances can be understood partly in terms of increased passivity of the
metal surface by incorporation of component which stabilizes the oxide formation on Mg alloys
[3-11]. In NaCl solutions the Mg dissolution rate is higher, because chlorides can interfere with
the formation and maintenance of the protective layer of corrosion products which decrease the
severity of the attack [12]. Previous studies show that rare earth elements (RE) have a
significant positive influence on the corrosion resistance of Mg alloys [13-23]. The rare earth
elements improve the tendency of magnesium to passivation and decrease the micro-galvanic
influence of the secondary phases [6, 12, 23, 24]. The RE elements and Mg are
electrochemically active metals, the standard potentials for RE/RE*" systems are between -2.6
to -2.0 V(SHE) [25, 26] while it is -2.4 V(SHE) for Mg/Mg?* [1, 25] in aqueous solutions.
However, RE elements have less active open circuit potential values compared with pure Mg in
NaCl solution. This suggests the formation of an oxide layer on the surface [26, 27] which is
more stable than the oxide on pure Mg, e.g. Gd and Dy. However, the layers on the surface of
the other rare earth elements (e.g. La, Y and Ce) do not provide sufficient protection in solutions
containing chloride ions as they show very high corrosion rates [28, 29]. As described above the
second reason of the low corrosion resistance of the Mg alloys is due to the internal galvanic
corrosion caused by second phases.
Due to different electrochemical properties and the formation of localised galvanic cells the
presence of intermetallics can influence the overall corrosion resistance of Mg alloys. Such
galvanic couples generate due to the inhomogeneity inherent in these alloys: rich phases in Mg
coexisting with intermetallic phases rich in more noble elements. The composition of each
phase and its volume fraction in an alloy, influence the level of galvanic interaction. Identifying
the noncritical intermetallic phases, understanding the mechanisms to reduce the internal
galvanic effects are essential tools to enhance the corrosion performance of Mg alloys. Thus the
present work focuses on production and characterisation of a new Mg-RE alloy and optimisation
of its corrosion resistance. Starting with a broad selection of RE elements the number of
suitable RE were reduced in a sequence of basic studies ending finally with a new ternary Mg
alloy. The following steps were performed:

1. Evaluation of electrochemical properties from proposed pure RE metals (Ce, Dy, Gd, La,

Nd, and Y).
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2. Production of isolated Mg-RE-intermetallics (Ce, Gd, La, Nd and Y) to determine their
electrochemical properties and measurement of the galvanic current between the
different phases and Mg matrix.

3.  Analysis of the behaviour of selected intermetallics in the matrix (Ce, Gd, La) influence of
composition, size, amount and distribution of intermetallic phases on the corrosion
behaviour.

4. Development of corrosion minimisation strategies (Gd): a) heat treatments to minimise
internal galvanic effects. b) Effects of additional ternary alloying elements. The selected
elements are on the one hand typical commercial for Mg alloys e.g. Al, Mn, Y, Zn, or on
the other hand more unusual e.g. Ga and c) determination of corrosion mechanisms.

The alloys fabricated were characterised not only with electrochemical techniques but also with
XRD, SEM, TEM, EDX and XPS to obtain correlations between microstructures, intermetallic

phases, passive films formation and corrosion properties.



2. Fundamentals

2.1 Magnesium and its alloys

Magnesium is considered as one of the lightest metals; this property makes it attractive for a
number of applications where weight reduction is of importance. Magnesium alloys offer high
stiffness/weight ratios, excellent machinability and high damping capacity [3, 30]. Moreover
magnesium alloys possess, high thermal and electrical conductivity, good vibration and shock
adsorption ability without toxic hazard [3, 31]. However, there are aspects concerning
magnesium alloys which limit their usage for critical applications. The low ductility of some of the
alloys is one problem, and the galvanic corrosion of magnesium in contact with other materials
is another big issue. This could be further improved by appropriate processing and additional
treatments of magnesium alloys, and thus these alloys have a great potential for many

applications in the automotive and aeronautic industries [32].

2.2 Corrosion of magnesium

Magnesium alloys have relatively poor corrosion resistance which has been one of the reasons
for lack of the widespread application of these alloys. One of the major challenges in the use of
Mg alloys is their high susceptibility to corrosion attack [33]. There are three main factors that
contribute to the poor corrosion resistance of magnesium alloys:

a) Magnesium is the most active metal used in engineering applications [34].
Thermodynamically, magnesium should react completely with oxygen and with water [35].

b) Susceptibility to internal galvanic attack caused by alloying or impurity elements and
conditions which impede the stability of the protective film [36].

c) The oxide/hydroxide passive film on magnesium is much less stable than passive films
formed on other metals such as iron or aluminium. This film has poor pitting resistance [37].

In a corrosive environment, pitting or other forms of local corrosion occurs as a result of film
breakdown [35]. So magnesium is less resistant to acidic or saline environments. Since the
corrosion resistance of magnesium alloys depends both on the concentration of critical chloride
ions and the pH of the medium. So the corrosion rate increases for example with the
concentration of chloride ions for any value of pH [38]. Sulphates, phosphates and nitrates
attack magnesium but not to the same extent as chlorides [4]. Corrosion of magnesium alloys in
the presence of chloride ions usually starts with the formation of irregular pits extendendly
occupying the entire surface [4]. However this mechanism is different from the autocatalytic
pitting observed in stainless steels, where there is a tendency to the formation of deep pits [39,
40]. This effect is not observed in the magnesium base materials probably due to the increase
of pH caused by the formation of hydroxide layer on the surface of magnesium alloys [39, 41-
43]. Generally, the corrosion rate is not significant in alkaline media at pH values above 10.5,

fulfilling thermodynamics as shown in the Pourbaix diagram [25, 44].



2.2.1 Electrochemical basis of magnesium corrosion

The electrochemical reaction of magnesium in aqueous environments produces magnesium
hydroxide and hydrogen gas. Consequently magnesium corrosion is relatively insensitive to the
oxygen concentration, although the oxygen concentration is an important factor in atmospheric
corrosion [4]. The corrosion attack in aqueous environments often involves micro-galvanic
coupling between cathodic and anodic areas. The overall reaction for the corrosion of

magnesium could be expressed as follow:

Mg+ 2H,0 — Mg(OH), + H, (1)

This total reaction could be divided into two partial reactions according to reactions (2) and (3).
The anodic partial reaction of Mg dissolution, reaction (2) may involve intermediate steps which
produce the monovalent magnesium ion (Mg"*), with short lifetime [2]. The reduction process of
hydrogen ions, reaction (3), and the hydrogen overvoltage of the cathodic phase play an
important role in the corrosion of Mg. Low overvoltage cathodes such as Fe, Ni, Co, or Cu
facilitate hydrogen evolution, causing a substantial corrosion rate [45]. Furthermore Mg(OH),

can form if the solubility limit is exceeds. The reaction product formation is described in reaction

(4) [4].

2H* +2e~ > H, (cathodic partial reaction) (2)
2Mg - 2Mg* + 2e” (anodic partial reaction) (3)
Mg?* + 20H™ - Mg(OH), (corrosion product formation) (4)

The corrosion potential of Mg is approximately -2.37 V yue' “® in aqueous solutions at 25°C. Mg
forms magnesium hydroxide film, which can provide some protection over a wide pH range.
Assuming that the protective film on Mg is Mg(OH),, the thermodynamics that govern the
formation of this film are described by the Pourbaix diagram (Figure 2.1), which shows that

Mg?*" is stable in most aqueous solutions up to ~ pH=10, above which Mg(OH), is stable.

' The standard electrode is the normal hydrogen electrode (NHE) or standard hydrogen
electrode (SHE) realized by bubbling hydrogen gas over a platinum surface, which has all
components at unit activity. The reaction is 2H'[1N] + 2e” — Hy[1 atm]. Potentials are often
measured and quoted with respect to reference electrodes other than the NHE.
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Figure 2.1 Pourbaix diagram for the Mg-H,O system at 25 °C [25] .

In Figure 2.1 the region of water stability lies between the dashed lines marked a) and b). The
different regions are separated by the following reactions:

(1) Mg + 2H,0 — Mg(OH),+H,

(2) Mg?* + H,0 — MgO + 2H" and

(3) Mg —»Mg?*+ 2e”

The magnesium peroxide (MgQO,) is marked in the Figure 2.1 as a guide but it was not taken
into account in establish the equilibrium diagram because MgO, has not been prepared in the
pure state. To obtained this is only by the action of hydrogen peroxide (H-O,) on Mg, on MgO or
on the Mg(OH),. The lines marked as 10° 102, 10, and 10° represent the activity? " of the
species. [4].

Several studies of magnesium suggested that the corrosion of magnesium and magnesium
alloys initiates due to localized corrosion, and sometimes the localized corrosion is shallow and
extended. Nevertheless the corrosion morphology of magnesium and its alloys depends on the
alloy composition and the environmental exposure.

Table 2.1 details the different types of corrosion that occur in magnesium and magnesium alloys

[3].

2 Activity (a) is the effective concentration that takes into account the deviation from ideal
behaviour, with the activity of an ideal solution equal to one. The activity value is affected by the
concentration, temperature and pressure and normally is determined using an activity coefficient
(1i) to convert from the solute’s mole fraction x; (as a unit concentration) to activity a; using the
following formula: aj=yx;. For ideal solutions, pure and solid substances ai=x; thus y=1.



Table 2.1 Types of corrosion on Mg alloys and their features [3]

Galvanic
corrosion

Localized corrosion of the magnesium adjacent to the cathode.

External cathodes, as other metals in contact with magnesium (galvanic
corrosion external).

Internal cathodes, as second or impurity phases (galvanic corrosion
internal).

Highly susceptible to impurities such as Ni, Fe, Cu.

The galvanic corrosion rate is increased by: highly conductive medium, large
potential difference between anode and cathode, low polarisability of anode

and cathode, large area ratio between cathode to anode, and short distance
from anode to cathode [44].

Intergranular

Slightly susceptible.

Corrosion is normally concentrated in the area adjoining the grain boundary

corroston until eventually the grain may be undercut [2, 30].
Highly susceptible when exposed to chloride ions and in a non-oxidizing
medium [48].
Typically occur as pitting in neutral or alkaline salt solutions [49].
Localized Heavy metal impurities promote general pitting attack [50].
corrosion

In Mg-Al alloys: the pits form by selective attack around the cathodic areas
[51].

Filiform corrosion due to an active corrosion cell moving across the alloys
surface, where the head is the anode and the tail the cathode [52].

Stress corrosion
cracking (SCC)

In Mg alloys SCC is mainly transgranular however intergranular SCC occurs
when Mg47Al4, precipitates along the grain boundaries (Mg-Al-Zn alloys) [2].

Alloying elements such as Al or Zn promote SCC [53], but additions of Zr
protect against SCC [54].

Mg is resistant to SCC in alkaline media above pH 10.2, fluoride solutions
and neutral solutions containing chlorides [44].

Corrosion fatigue

Cracks propagate in a mixed transgranular-intergranular mode [55].

Corrosion at
elevated
temperatures

The oxidation rate of Mg is a linear function of the time indicating a non-
protective oxide on the magnesium surface [44].

Alloying elements such as Al and Zn promote a higher oxidation rate [44].

Ce and La additions show a lower oxidation rate compared to pure Mg [44].




2.3 Negative Difference Effect (NDE)

Gas evolution plays an important role in the overall process of material dissolution. For instance,
under certain circumstances, the rate of hydrogen evolution on pure Mg increased with
increasing potential [56]. This phenomenon is known as the negative difference effect (NDE).
Normally in electrochemistry, the corrosion reactions are classified as cathodic or anodic
processes. In the majority of metals an anodic process increases with an applied more noble
potential or current density generating an increase of the anodic dissolution rate and
simultaneously a decrease in the cathodic hydrogen evolution rate. However, in magnesium the
hydrogen evolution behaviour is quite different from iron, steels etc. Its behaviour is seen as
contrary to that established with common electrochemical rules [3]. Figure 2.2 shows

schematically the experimental representation of the NDE [5].

A . Iy

E

appl / - IMg

Potential, E

Current, log |l|

Figure 2.2 The Negative Difference Effect (NDE) of magnesium and its alloys [5]

In Figure 2.2 the solid lines correspond to the normal anodic partial reaction (marked as 1.%) and
cathodic partial reaction (marked as I.*), respectively, based on the Tafel kinetics®. The
intersection of the two lines corresponds to |y at the corrosion potential E.,. If the potential E,pp

is more positive, then the rate of the anodic partial reaction would be expected to increase along

® In the anodic partial reaction (l,) the metal atom loses n electrons and becomes n* ion. This is
the oxidation reaction: M — M™ +ne” for Mg alloys is expressed as follow: Mg — Mg?* + 2¢”

* In the cathodic partial reaction (I.) the electrons produced in the oxidation reaction are used up
in the reduction reaction: H* — e + %2 H,

® Tafel kinetics is based on the oxidation or reduction reactions. The anodic linear section and
the cathodic linear section are extrapolated to find the intersection at E,r and icr. The anodic
and cathodic currents are the same at E.,, - where the curves intersect. This results in a
measured current difference approaching zero.
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the curve marked as |, to lyge @and simultaneously the cathodic reaction would be expected to
decrease along the curve |I; to the value Iy [5]. However, experimentally with Mg the hydrogen
evolution reaction (HER) rate increased rather than decrease with increased potential [3-5]. As
the potential is increased to more positive values:
= The hydrogen evolution reaction increased as shown by the dashed line marked as Iy.
Thus for an applied potential E.pp, the actual HER corresponds to the value Iy ,, which
represents a HER current significantly greater than the expected current Iy . For this
condition there is a negative difference effect; the quantity A is negative because Iy, is
greater than .
= The second experimental observation is that the anodic dissolution current of
magnesium increase faster than expected from the polarisation curve. This is shown by
the dashed curve marked as lyg. Thus for an applied potential E,yp, the actual
dissolution rate corresponds to the Iugm;, Which represents a corrosion current
significantly greater than the expected current corresponding to luge, Which does not

follow the Faraday’s Law.

For decades, investigators have been trying to explain the NDE phenomenon with
electrochemical reaction mechanisms and five different mechanisms have been proposed for
magnesium and its alloys. All five mechanisms succeed in explaining some part of the
phenomenon, and fail to deal with other aspects. However, it is important to clarify the actual
mechanism which operates in magnesium as an understanding of the NDE is required for

understanding the electrochemical corrosion of magnesium alloys [3].

Mechanism I. Partially protective film

This mechanism attributes the NDE to the breakdown of the partially protective film on the
magnesium surface during anodic dissolution [48, 57, 58]. The film is increasingly disrupted as
the external current density or potential increased. The detection of Mg(OH), and MgO on the
magnesium surface by ex-situ techniques support this model [36, 59, 60]. However, there is no
direct evidence that the film is partially protective. Parrault et al. [61] criticised this mechanism

as it could not explain the corrosion potential of magnesium in neutral or acidic solutions.

Mechanism Il. Undermined particles

NDE is explained in terms of the undermining and removal of second phase particles during
corrosion, especially at a higher anodic current density or potential [37, 61, 62] . Most second
phase particles, for example Mg4,Al47 or the iron-rich impurity phase Als;Fe, are cathodic to the
surrounding magnesium matrix which undergo accelerated local corrosion at the particle
boundary by local galvanic corrosion. It is common for a particle to be undermined by the
corrosion of the adjacent magnesium matrix and fall out subsequently, resulting in a mass loss

higher than that due to electrochemical dissolution. To support this mechanism, Kruger et al.
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[37] provided SEM photomicrographs which showed a particle which had been partially

undermined.

Mechanism Ill. Monovalent Mg ion

Monovalent magnesium ions may be involved as an intermediate species in the anodic
dissolution process as the calculated valence of dissolved magnesium was reported in the
range from 1.33 to 1.66 [61, 63-65]. Monovalent ion, Mg®, is produced electrochemical

according to:

Mg - Mgt + e~ (5)

The monovalent Mg” is assumed to exist as an intermediate species and react chemically to

evolve hydrogen by means of:
2Mg* + 2H* - 2Mg?** + H, (6)

This provides a chemical rather than an electrochemical mean of hydrogen production.

Mechanism IV. MgH, formation

Magnesium can be reduced to hydride by the following electrochemical reaction:
Mg+ 2HY + 2e~ - MgH, (7)
The MgH; is not stable in contact with water and reacts chemically to from hydrogen:

MgH, + 2H,0 — Mg?** + 20H™ + 2H, (8)

The mechanism is based on thermodynamic data which predicts the stability of MgH,. Strong
evidence for the existence of MgH, comes from X-ray diffraction of material scraped from a

magnesium electrode surface [57, 61, 66, 67].

Mechanism V. Re-deposition of the iron impurities based on Heyrovsky mechanism

Recently, Hoeche et al. [68] proposed how iron impurities influence the hydrogen evolution
reaction (HER) during global anodic polarisation of magnesium based on two mechanisms.
Firstly, a cathodic surface activity caused exposition to the impurities (Fe). This process act as
kind of alkaline electrolysis electrodes based on Heyrovsky reactions ( 9 and ( 10) [69]. The
electrochemical desorption process has much faster kinetics than the chemical desorption
described by Tafel mechanism [68].

H,0 + e~ © Hg + OH (Volmer) (9)

2H,0 + Hgy + e~ © Hygy+ OH™ (Heyrovsky) (10)

At the beginning the area fraction between Mg and the active impurity surface is large (Aug /Aimp

<<1) and the mixed electrolyte potential is close to that of Mg. Since Mg presents a faster
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anodic dissolution process, extensive negative overpotentials occur at the cathodic surface
sites. The cathodic process is controlled by Heyrovsky reaction. Subsequently initiates the Mg®*
ions formation due to Mg dissolution [68].

Secondly, with the increase cathodic current influenced by the corrosion process itself forming a
bilayer composed by MgO/Mg(OH), with some Fe enrichment (dark film). This film is a result of
impurity self-corrosion at the corrosion forefront. Additionally the re-deposition of the impurities
(Fe) which accelerates HER and act as dominant process after the initial period. With corrosion
progress of the dark zone fresh metallic Fe areas are newly deposited at the corrosion forefront
in combination with increased H, generation. It is likely, that Mg dissolution and undermining
mechanism around freshly re-deposited Fe film leads to its detachment followed by dissolution,

reduction from solution and another re-deposition process [68].

2.4 Effect of alloy composition

The poor corrosion performance of Mg alloys depends on their metallurgy and external
environmental factors. Magnesium metallurgy includes alloying and impurity elements, phase
components and microstructure. Manipulation of phases present and composition help to

improve the corrosion resistance of magnesium alloys [3].

2.4.1 Impurities

Due to the high reactivity of magnesium, alloying elements may have a detrimental effect on
corrosion resistance of the magnesium alloy. Hanawalt et al. [36] evaluated the corrosion rate of
fourteen magnesium binary alloys in salt water, and found that concentrations of up to 0. 2 wt.
% of Fe, Ni, Cu and Co generated a high increment in the corrosion rate. Ag, Ca and Zn
showed moderate negative influence for concentrations between 0.5 to 5 wt. %. Al, Sn, Cd, Mn,
Si and Na exhibited relatively small influence on the corrosion rate for concentrations up to 5
wt.%. Other studies have confirmed that the most critical factor for the corrosion behaviour is
the metal purity [31, 70]. Hillis et al. [71] reported that the corrosion rates are accelerated by a
factor between 10 and 100 when the concentrations of impurity elements Ni, Cu and Fe
increased beyond certain tolerance levels. These heavy metals form galvanic cells and enhance
the corrosion rate and the effect of these impurities on the corrosion rate is illustrated in

Figure 2.3 [70]. The tolerance limit depends on the alloys composition, for pure magnesium, the
tolerable limits for Cu, Fe and Ni are 0.1 %, 0.005, and 0.0005 wt. % respectively. While or
example, AZ91 alloy has tolerance limits of 20 ppm Fe, 12 ppm Ni and 900 ppm Cu [36]. The
impurities arise from various sources; the iron from the melting crucibles and tools, copper
comes from impure aluminium, while nickel is coming from containing stainless steel crucibles
or traces may be contained in magnesium [54]. Once these impurities are within tolerable limits,
a substantial improvement in the corrosion resistance of magnesium alloys could be seen [72].

Magnesium alloys in which the total of these impurities is restricted to “ppm” levels are referred
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to as high purity (HP) alloys, and these alloys can compete with aluminium alloys in terms of
corrosion resistance [70]. Fe, Cu and Ni are extremely deleterious to corrosion resistance due to
their low solid-solubility limits and formation of active cathodic sites [52, 73]. When the same
concentration is used, the detrimental effect of these elements is as follows: Ni > Fe > Cu [74].

Additionally the surface contamination is important; producers of magnesium have
demonstrated the importance of high-purity alloys for structural applications. However, surface
contamination from handling and mechanical treatment can destroy the corrosion resistance of
high-purity alloys, e.g., ceramic blasting media containing iron oxide can be just as harmful to

the corrosion properties of magnesium as steel grit [73].
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Figure 2.3 Effect of the impurities on the corrosion rate of magnesium alloys AZ91 [70]

2.4.2 Common alloying additions

The micro galvanic effects, as well as the formation of passive layer to minimize the corrosion
can be influenced by additions of specific alloying elements. Table 2.2 shows the most common
alloying elements for magnesium [32, 75]. The effect on corrosion behaviour of some of these

elements is described below.

Table 2.2 Most commonly used alloying elements, and their respective notation letter [32, 75, 76]

Abbreviation Alloying Abbreviation Alloying
letter element letter element
A Aluminium N Nickel
B Bismuth P Lead
C Copper Q Silver

D Cadmium R Chromium
E Rare earths S Silicon

F Iron T Tin

H Thorium W Yttrium
K Zirconium Y Antimony
L Lithium Z Zinc
M Manganese
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a) Aluminium (Al)

Aluminium is one of the most important alloying elements for increasing the tensile yield
strength of magnesium alloys by forming the intermetallic phase Mgs7Al,. In addition to the
improvements in mechanical properties, a higher amount of Al also significantly increases the
castability. This is the main reason why most technical alloys, specially casting alloys, contain
Al. However, the disadvantage is that a higher tendency to micro-porosity is observed as the
aluminium content is increased [77]. Aluminium also improves the corrosion resistance in
magnesium alloys when the alloying addition is increased from 2 to 9 wt. %. The benefit is
twofold; first, the precipitation of the - Mgq7Ali> forms a favourable corrosion resistant network
along the grain boundaries, and second, the incorporation of aluminium oxide into the Mg(OH),
layer improves the stability of the passive layer on the surface and thus enhances the corrosion
resistance [78-80]. Due to superior passive layer formation on the surface in aluminium
containing magnesium alloys, a special form of corrosion can be observed. The so called filiform
corrosion, is normally observed only underneath thin coatings [32]. Aluminium can also have a
bad influence on corrosion due to reduction of the iron tolerance limit from 170 ppm to 20 ppm
[54]. It was reported that the tolerance limit of iron decreases almost linearly with increasing
aluminium content and allows the formation of a passive iron-manganese-aluminium

intermetallic phase on solidification [81].

b) Zinc (zn)

Zinc is another important alloying element for magnesium. This element behaves similarly to Al
in terms of strengthening and castability. By adding up to 3 wt.% Zn to magnesium, shrinkage
can be reduced and tensile yield strength is increased [82]. In addition to the improvements in
mechanical properties, recent studies in binary Mg-Zn alloys by Meza et al. [82] showed that Zn
is an important alloying element which contributes to grain refinement. The grain refinement
mechanism is controlled by the Zn solute content and is associated with under-cooling of the
melt. The grain refinement in the casting process also will influence strongly the deformation
behaviour during thermo-mechanical processes like rolling and extrusion. In combination with
other elements such as zirconium and/or thorium, Zn positively influences the mechanical
properties. Additionally Zn improves the corrosion resistance of Mg alloys [32]. The presence of
zinc in either binary or ternary alloys affect the surface film characteristics [3]. Zinc increases the
tolerance limits and reduces the effect of impurities on corrosion once the tolerance limit has
been exceeded [70]. In Mg-Al alloys, zinc improves the tolerance limits for Fe, Cu and Ni, but Zn
addition is limited to 1-3 wt.% due to increased hot tearing susceptibility [50]. Additions of 3
wt.% Zn raises the tolerance limit to 30 ppm Fe and reduces the corrosion rate for iron
concentrations of up to 180 ppm for the Mg-Al-Mn alloy [44]. For Mg-Al-Mn-Ni alloys, 3 wt.% Zn
shifts the tolerance limit of Ni from 10 to 20 ppm and reduces the corrosion rate at higher

concentrations of nickel [44]. Filiform corrosion in AZ alloys increases as the amount of zinc
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increased in the range of 0-3 wt% [51]. Lunder et. al. [83] evaluated the influence of
composition on various phases found in Mg-Zn alloys. They concluded that zinc render both a
and B more noble. Zinc has an anomalous effect on the corrosion behaviour of magnesium
produced by rapid solidification. The maximum corrosion rate occurs at 18.6 wt.% Zn, and
additions of 4.8 wt.% and 27.5 wt.% Zn resulted in a corrosion rate slightly higher than that of

pure magnesium [37].

¢) Manganese (Mn)

In Mg alloys with rare earths metals the Mn addition improves their strength [84]. The small
increase of the strength from Mn addition was confirmed for Mg-Nd alloys [84]. At room
temperature the highest strengthening effect was observed at a Mn content of 1.60 wt. %.
Manganese also improved the strength of the Mg-Nd alloys during creep at elevated
temperatures [84]. The plasticity of the Mg-Nd alloys was unchanged when Mn was added [84].
Similar results were obtained with Mn addition to Mg-10Gd alloys [84]. The study was carried
out using hot extruded rods. The alloy Mg10Gd was used as the base for addition of up to 1.5
wt. %. Unlike for mishmetal and neodymium containing alloys Mn additions was accompanied
by significant decrease of plasticity [84]. According to the ternary phase diagrams of the Mg-RE-
Mn systems there are no intermetallic phases with RE and Mn expected in Mg-rich alloys.
Manganese did not actually change the solubility of the rare earth metals in Mg.

Manganese improves corrosion resistance of Mg alloys, particularly in the AZ series alloys [37].
Manganese itself does not improve the corrosion resistance, but it reduces the effect of
impurities [2, 50]. In Mg-Al alloys, manganese increases tolerance limit of Ni [2], and Fe [54].
The critical iron content depend on the Mn content and the ratio Fe/Mn has been found to be a
critical factor for corrosion resistance [81, 85]. Alloys with high ratio of Fe/Mn have a high
corrosion rate regardless of the surface condition, heat treatment and grain size, whereas alloys
with low Fe/Mn ratio and low Ni and Cu concentration show good corrosion performance [6].
There are two possible reasons for the reduced corrosion rate due to Mn. Firstly, Mn combines
with the iron in the molten magnesium and forms an intermetallic compound which settles in the
bottom of the crucible thereby decreasing the iron content of the alloy [74, 86, 87]. Secondly,
Mn encapsulates the remaining iron particles during solidification, making them less active as
local cathodic sites [87-89].

d) Zirconium (Zr)

In magnesium alloys zirconium is used as a grain refiner, in alloys that do not contain Al, Sn or
contaminants such as C, N, O or H. Zirconium prevents grain growth during heat treatments
[32]. Normally Zr alloys have good corrosion resistance in salt solutions and are relatively
insensitive to Fe and Ni. Additions of zirconium in Mg alloys form insoluble particles [54]. In the
alloys where zirconium is used as grain refiner, Fe and Ni contents are reduced as they are

forming intermetallics in the melt [90].
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e) Rare earths (RE)

Rare earth elements, gadolinium, cerium, neodymium, lanthanum, and yttrium, have been
added to magnesium either individually or in the form of mishmetals. Despite the substantial
differences in constitution and properties, magnesium alloys with rare earths additions show
similar features [84]. All rare earth metals lead to improvements in strength when they are
added to magnesium. Grain refinement and increased ductility are observed with even small
additions of RE. These alloys show good casting properties and reduced weld cracking, mainly
due to their narrow freezing range (this tends to suppress porosity). The strength, in particular,
high temperature creep resistance and thermal stability [82], make them attractive for

commercial applications.

= Gadolinium (Gd)
Due to the large solubility of Gd in Mg, it contributes to solid solution strengthening. Above 10
wt. % Gd additions improve strength due to precipitation hardening. The large solubility of Gd
with increasing temperature also makes the Mg—Gd system suitable for heat treatments to
adjust the mechanical properties in accordance with the requirements of the property profile of
an application. By adjusting the concentration of Gd and the heat treatments, the mechanical
properties and corrosion behaviour of these Mg—Gd alloys can be varied over a wide range [14].
The addition of gadolinium to AM50 and AZ91D alloys has modified the microstructure of the
these alloys resulting in the formation of Al,Gd and AI-Mn-Gd intermetallic compounds and
consequently reduced the fraction of 3-Mg4;Al4, phase [91, 92]. The corrosion rate of AM50 and
AZ91D alloys decreased with additions of 0.7 and 1.0 wt.% gadolinium by 85% and 93%. This
effect was associated mainly with the decrease in the cathodic reaction kinetics due to the
suppression of micro-galvanic corrosion between primary and secondary phases [91]. In
another study of Mg-Al alloys in humid environments, gadolinium reduced the effect of micro-
galvanic couples and, consequently, the corrosion rate [92]. Arrabal et al. [93] studied the
influence of Gd additions on the high temperature oxidation behaviour of AZ91D magnesium
alloy. They found that Gd promotes the precipitation of Al,Gd and AI-Mn-Gd intermetallic
compounds in the AZ91D alloy, resulting in a reduction of the R-phase fraction (Mg47Al2). The
corrosion resistance increased due to improved surface passivity and suppression of micro-
galvanic couples [94]. The changes results in a reduction of corrosion rates between 72-81%

compared to AZ91D alloy without gadolinium additions.

= Lanthanum (La)
Lanthanum has a relatively low solubility in Mg compared with other rare earth elements [84].
Lanthanum is an abundant rare earth element. It has been considered as a substitute for other
precious rare earth elements such as praseodymium (Pr) and neodymium (Nd) [95]. La provides
excellent strengthening and enhance creep resistance due to the ability to form solid solutions

in Mg and the formation of La-rich disperse phase precipitates [84], and has been widely used
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in AZ alloys [96]. Zang et al. [97] established that Mg alloys with Al and La additions consisted
of various phases such as AljiLa; and Al,La, depending on the concentrations of alloying
elements. Both Aly4La; and Al,La phases were distributed along the grain boundaries and these
phases occupied a large area of the grain boundary, simultaneously blocking grain boundary
sliding and dislocation motion in the vicinity of the grain boundary, and thus leading to the
improvement of the tensile property of Mg-Al-La alloys. The alloys present also have good
corrosion resistance, which is partly related to the presence of compact corrosion product film
containing Al and Ce/La. Yamasaki et al. [98] found a Mg47Las, phase that formed in Mg-Zn-La
alloys. This phase disperses in the Mg matrix homogeneously during solidification, which
resulted in a fine microstructure, leading to uniform and mild corrosion of the Mg alloys. In
addition, La containing Mg alloys showed a protective layer containing Mg(OH), and La oxide,
which enhanced the corrosion resistance [97, 98]. Birbilis et al. [15] studied the corrosion
behaviour of the Mg-RE binary alloys. They suggested that the micro-galvanic corrosion occurs
between the electrode pair composed of magnesium matrix phase and the only cathode phase,
Mgq.La for Mg-La alloys. As the amount of RE element increases, the effective surface area of

the cathode phase increases leading to higher corrosion rates.

= Cerium (Ce)
The addition of Ce is generally considered to have a beneficial effect on the corrosion of Mg
alloys [84, 99, 100], particularly for commercial Mg—-Zn-Zr alloys (ZK alloys) [101] and Mg-Al-
Zn (AZ) alloys [102-104]. In the case of ZK alloys with Ce, Mg,Ce and Mg,;Ce, phases form
along grain boundaries, and thus decrease the grain size effectively. In Mg—Al-Ce alloys, Ce
particles aggregate at the solid—liquid interface during solidification, leading to a reduction in the
diffusion and grain growth is inhibited [105]. The Al-Ce phases show a pronounced effect on
the corrosion of Mg—Al-Ce alloys. When the alloy contains a high concentration of Ce, Al11Ces
needle-shaped particles act as a micro-galvanic cathode relative to the Mg matrix. They can
form a network surrounding the Mg matrix, and delay the corrosion of Mg alloys [95]. In this
micro-galvanic system, the potential difference between the Al-Ce phase and Mg matrix is
relatively small, and the Al-Ce phase shows passivation in a wide range of pH values, which
slows down the corrosion of Mg alloys. Liu et. al. [105, 106] suggested that the decreased
corrosion rate of Mg alloys with Ce addition may be due to the reduced micro-galvanic corrosion
in AZ91Ce. Birbilis et al. [15] observed the individual corrosion behaviour of the intermetallic
phases of the Mg-RE binary alloys using the micro-capillary electrochemical method. They
found that the corrosion potential of the Mg,Ce phase is -1.5V corresponding a difference of
145 mV compared to the magnesium electrode potential. They suggested that the micro-
galvanic corrosion occurs between the electrode pair composed of magnesium matrix phase
and the only cathode phase, Mgq;La for Mg-La alloys. As the amount of RE element increases,

the effective surface area of the cathode phase increases leading to higher corrosion rates [15].
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= Yitrium (Y)
Yttrium is a particularly interesting alloying element for Mg alloys because it has similar
electrochemical potential -2.372 V vs NHE compared to pure Mg -2.363 V vs NHE. Yttrium also
exhibits a hexagonal close packed (hcp) lattice, the same as Mg [107]. For that reason it can act
as a nuclei during the solidification of Mg-Y, resulting in substantial grain refinement, [98, 108]
and thus enhancing the tensile yield strength [108-110]. The corrosion behaviour of binary Mg—
xY alloys, where x= 0.25, 2.5, 5, 8 and 15 wt. % Y was investigated. The corrosion resistance
was improved with Y addition, for Y contents below 2.5 wt. %. The corrosion mechanism altered
to pitting corrosion with any further increase in Y due to the discontinuous distribution of the
Mg.,Y5 phases along the grain boundaries. Mg,,Ys phases caused galvanic cells to be set up.
Further increasing the Y content to 15 wt.%, results in a continuous network of Mg,,Y5 along the
grain boundaries, resulting in improved corrosion resistance for Mg15Y [108, 111]. Furthermore
Liu et al. [16] studied the corrosion behaviour of binary Mg—xY (where, x= 2, 3, 4, 5, 5.5, 6 and
7wt. % ) in 0.1 M NaCl and 0.1 M Na,SO, and found that the Mg-Y alloys show different
corrosion behaviour. In 0.1 M NaCl, the CI ions deteriorated the surface layer, and the matrix
was easily exposed to the NaCl solution. The average corrosion rate of the Mg-Y alloys
increased with increasing Y content in the range of 2-7 wt. % Y. Due to the volume fraction of
intermetallic phases increased with Y addition, which deteriorated the corrosion resistance due
to the accelerated micro-galvanic effect. While in 0.1 M Na,SO, solution, the corrosion rate
decreased when the Y content increased in the range between 3-7 wt. %, which was attributed
to a Y-containing protective surface layer. Hanzi et al. [112] tried different heat treatments on an
Mg-Y-RE alloy (WE43:Y content 3.7-4.3 wt. %) to obtain different surface conditions and
studied the influence of different surfaces on the in vitro degradation behaviour of the Mg alloy.
They suggested that solution heat-treated WE43 reveals improved degradation resistance
reflected by a comparably low degradation rate. On the other hand, thermally oxidized at 500°C
WE43 showed a decreased initial degradation rate that was attributed to the protective nature of
the surface film consisting of oxides of MgO and Y,03;. Once the surface film was penetrated or
removed, degradation accelerated until the deposition of corrosion products slowed down the

degradation again.

= Mixture of RE elements
Additions of two or more rare elements are used to improve the mechanical and corrosion

properties of Mg-RE alloys. Some examples will mention as following:

Elektron 21 (E21, EV31A) is recently developed advanced magnesium based alloy, which
contains additions of Nd (2.6-3.1 %), Gd (1.0-1.7 %), Zinc (0.2-0.5 %) and Zr (saturated).
According to the manufacturer [113] E21 alloy presents high corrosion resistance in chloride

solution, excellent mechanical properties and light weight. The alloy was developed for
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motorsport and aerospace applications and designed to provide superior mechanical properties
and improved corrosion resistance together with good castability. As listed in its specifications
[113]. Elektron 21 alloy is the first magnesium alloy to achieve full design handbook entry in the
Metallic Materials Properties Development and Standardization (MMPDS) and has achieved the
Aerospace Material Specification (AMS4429) in the Society of Automobile Engineers (SAE)
[114]. E21 showed superior corrosion resistance with 10-30 mpy in the salt spray test according
with ASTM B117 [113]. E21 alloy was used in the complex transmission casings in the General
Dynamics, the latest military amphibious vehicle for the U.S. Marines, the Expeditionary Fighting
Vehicle (EFV). Due to this alloy combines castability, corrosion performance and the ability to
operate a high temperatures [115]. Placzankis et al. [116] observed that E21 alloy shows low
mass loss but deep localized damaged in the neutral salt fog method (NSF). This suggests the
possible presence of tramp elements such as, Fe, Ni, or Cu, or intermetallic phases that act
either local cathodes or anodes. However they considered that E21 alloy exhibits good balance
of corrosion resistance and mechanical properties. Hamdy et al. [117] proposed a surface
treatment with vanadium containing solutions to improve the corrosion resistance of E21 alloy.
After one week immersion in 3.5 % NaCl, E21 alloy showed less pitting and crevice corrosion
compared with the coated samples. Due to a formation of multi oxide layer of vanadia with the
alloying elements of the E21, this promotes the micro-galvanic corrosion. Tekin et al. [118]
investigated the electrochemical behaviour of bare and PEO-coated E21, WE43 and AZ31B
alloys in 3.5% NaCl solution. They observed that bare E21 and WE43 alloys presented higher
corrosion resistance than bare AZ31B. This is due to the formation of a more compact corrosion
product layer on RE containing alloys, which avoid the ion exchange across this layer at longer
immersion times. They improved the corrosion resistance of the three PEO-coated samples.
However for longer immersion periods E21 and WE43 alloys showed better corrosion resistance
that AZ31B alloy.

Elektron WE54 or WE54 is a magnesium based alloy, its chemical composition consists on Y
(4.5-5.5%), Nd (1.5-2.0%), heavy rare earths (1.0-2.0% mainly Yb, Er, Dy and Gd) and Zr (0.4%
min). According to the manufacturer, additions of yttrium contribute to the excellent corrosion
resistance to the extent that it is of a similar order to aluminium casting alloys under salt spray
conditions [119]. Kazum et al. [120] suggested that the rare earth contents in the WE54 alloy
enhanced its passivation tendency, thus improving its the pitting corrosion resistance and
decreased the corrosion current by 30% compared to pure magnesium in 0.5 wt.% NaCl
solution. Luo et al. [76] reported that WES54 alloy retains its mechanical properties at high
temperatures for up 1000 h. Another investigation reported that long-term exposure (1000-2000
h) at 200°C led to a reduction in ductility (below 2% elongation) [121]. For that reason WES4
alloy is no longer being considered for aerospace applications but is expected to be used in

applications where high strength is critical, either for the short term or where ductility is less
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important (e.g. motor racing) [121]. According with the ASTM B 177-90 salt-spay test, the
corrosion rate of WE54 alloy was between 0.1-0.2 mgem™day™ [122]. However, the higher cost
of yttrium restricts application of the alloys [74]. Coy et al. reported that WE alloys have tightly
packed crystals and blurred grain boundaries. Therefore the corrosion at the boundaries is
reduced ensuring good anticorrosion properties of the WE alloys. However, there are
unavoidably some Y-rich and Zr-rich particles in the alloy, which act as strong cathode phases

and thus weaken anticorrosion capability [123, 124].

ZEA41 magnesium alloy, has a composition based on Zn (3.5-5.0 %), rare earths (0.8-1.7 %),
and Zr (0.4-1.0 % ) [125]. Neil et al. [126] proposed a corrosion process for the ZE41 alloy. The
initiation and propagation of the corrosion process involves pitting initially adjacent to the T-
phase, followed by the deep attack at the Zr-rich regions, and pitting within the a-Mg phase. The
observations of deep attack at the Zr-rich regions do not follow the theory that Zr additions
enhanced corrosion protection [127, 128]. Kannan et al. [129] investigated the corrosion
behaviour of ZE41 alloy, and compared with AZ80 alloy in 0.5 wt. % NaCl solution. They found
that ZE 41 alloy showed extensive corrosion of the grains (pitting and intergranular corrosion),
while AZ80 alloy possess better corrosion resistance. However they considered that rare-
addition to magnesium enhances the passivation tendency of the alloy, as reported by Nordlien
et al. [130] and Krishnamurthy et al. [131]. Coy et al. [123] suggested a corrosion process based
on the electrode potential data of the matrix and second phase determined by scanning Kelvin
probe force microscopy (SKPFM). Compared to the matrix potential, the potential at grain
boundary is 80 mV lower and that of the T-phase at the boundary is 100 mV higher. Therefore,
this alloy c presented a strong micro-galvanic corrosion due to the presence of the cathodic
ZryZn rich precipitates, as well as the combined effect of the cathodic T-phase (Mg;Zn;RE) and
the depleted anodic areas, both present at the grain boundaries. Magnesium Elektron Ltd [132]
proposed the Elektron RZ5/ZE41 alloy for applications operating up to 150°C due to its
excellent castability and good mechanical properties. It is specified on many helicopters
including the Agusta Westland AW101, NH Industries NH90, and Airbus Helicopters AS332
Super Puma. For superior mechanical properties and durability that enables longer intervals
between overhauls and improved corrosion performance. Civil applications include intermediate
casings for the Rolls Royce RB183 Tay engines and gearboxes (Elektron®RZ5/ZE41), as well
as the Rolls Royce BR710 (Elektron®RZ5/ZE41).

2.4.3 Novel alloying additions

a) Gallium (Ga)

Additions of gallium to Mg based alloys was investigated by Macdonald [133]. He studied Mg-
Ga-Mn ternary alloys, which can be made to a rolled sheet with sufficient degree of ductility,

while having good tensile and yield strengths. He found that 1% gallium and 3% manganese
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gave the most desirable combination of properties. Mg-Ga anode materials were studied
because gallium can enhance the electrochemical activity of magnesium anode and it can
produce uniform dissolution of Mg in environments containing aggressive ions [134, 135] [134,
135] and has a high hydrogen over-potential [136]. Feng et al. [137] found that solid solution of
Ga in Mg alloys can decrease the Faradaic impedance of double electric layer of Mg and
enhance the current efficiency. Recent studies of Mg-Ga alloys were performed by Liu et al.
[138] showing that Mg-2Ga alloy has a good elongation and aging treatments improved
efficiently its yield tensile strength due to the tiny rod-shaped MgsGa, precipitates distributed
homogeneously in the Mg matrix. Additions of Ga were also studied in biodegradable metallic
implants of Mg based alloys [139]. Kubasek et al. [140] found that low additions of Ga (around 1
wt.%) improve the mechanical properties of Mg-Ga alloys. Thereby Ga has lowest toxicity level
compared to Sn or In. But at higher concentrations of Ga are detrimental for the corrosion

resistance due to galvanic effects of the secondary phases MgsGd,.

b) Lithium (Li)

Lithium is used in large quantities in order to reduce the density of magnesium. Increase in Li
content beyond 11% leads to a change in the crystal structure from hexagonal close packed to
body centred cubic structure, enhancing deformability due to activation of more independent slip
systems, but with a strength reduction. Further, the problems of burning occur while melting in
the presence of higher levels of lithium [32]. Lithium was used in the bio applications area, as
lithium decreases corrosion resistance at concentration below 9% in Mg [141]. Witte et al. [142]
did in vivo corrosion experiments of LAE442 magnesium alloy as potential degradable implant
material, and found that the extruded LAE442 magnesium alloy corroded in vivo without the
appearance of subcutaneous gas cavities, which was illustrated by daily examination and post-
operative X-ray investigations. Mg-Li alloys are of great interest in the fields of aerospace and
military due to their super light-weight [143]. Song et al. [141] demonstrated that higher Li
additions significantly accelerate the corrosion rates due to the presence of dual phase a and
structure, resulting in localized corrosion (micro-galvanic couple), which initiates in the boundary
of a and B phase at the very early stage of corrosion. Then filiform corrosion was observed for

longer immersion time.

2.4.4 Effect of the microstructure and secondary phases

Most of the alloying elements used in magnesium alloys have limited solid solubility and
therefore secondary intermetallic phases are formed [73]. These phases have a pronounced
influence on the corrosion of magnesium, due to differences in electrochemical potentials.
Generally, these phases are more noble (i.e., have a higher redox potential) than the Mg matrix.
Their influence on salt water corrosion depends on their potential relative to Mg matrix and their

efficiency as cathodic sites, i.e., the ease at which they liberate hydrogen gas (over voltage)
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[38]. The elements generally present in commercial magnesium alloys that influence saltwater
corrosion can be classified as:

a) Generally benign or beneficial; e.g.: aluminium, beryllium, manganese, rare earths, silicon,
zinc, and zirconium.

b) Moderately deleterious e.g.: silver

c) Severely deleterious e.g.: nickel, cobalt, iron, and copper [84].

The size and distribution of the cathodic phases play an important role in corrosion; and are
influenced by process parameters and heat treatment. Homogenized and artificially aged
specimens of AZ91E (T6) show considerably lower corrosion than as-cast (F) and homogenized
(T4) specimens [83]. In particular for Mg-Al-Zn alloys the investigations focus on the corrosion
behaviour of the B-phase (Mg47Als2) and the magnesium matrix. Song et al. [7] suggested that
the B-phase (Mg47Al+2) is cathodic respect to the Mg matrix and its effect on corrosion depends
on the volume fraction of B-phase in the microstructure defined by the expression f = Vi/V,,
where V; is the volume of B-phase and V, is the volume of a-Mg phase. If f is low, then B-phase
acts as a cathode, accelerating corrosion of the a-Mg matrix. If f is high, then B-phase acts as a
partial barrier inhibiting the corrosion. Raman et al. [144] suggested that an increase in the
relative size of the R-phase and surrounding a-phase results in an increase in the localized
corrosion. However, Al containing a-phase shows an independent electrochemical identity,
depending on its composition and thermal history. Contradictory results have been shown in
this study, as it did not consider the influence of the solidification rate that directly depends on
the distribution and morphology of B-phase, which eventually affects the corrosion resistance of
the Mg-Al-Zn alloys. Heat treatment influences the distribution of intermetallic R-phase
(Mg47Al+2). Aging to T6 temper causes precipitation of 3 phase as an almost continuous network
of secondary particles along the grain boundaries. Following T4 heat treatment the R-phase is
fully dissolved in Mg matrix. In the cast AZ91 most important impurity elements (iron, copper,
and nickel) are influenced by the cooling rate and the amount of manganese present [70, 145,
146]. In early stages of corrosion, filiform attack develops from a initiating pit adjacent to
intermetallic particles, and the role of Mg;Al2 concentrated in grain boundaries is clearly
illustrated. Cold working of magnesium alloys (e.g., by stretching or bending) has no

appreciable effect on corrosion rate of these alloys [74].
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3. Experimental procedures

3.1 Materials preparation

The raw materials used in this work do all have commercial purity. Magnesium (Mg) was
delivered by Magnesium Elektron ®. Cerium (Ce), dysprosium (Dy), gadolinium (Gd),
lanthanum (La), neodymium (Nd), yttrium (Y), and gallium (Ga) are obtained from Grirem
Advanced Materials Co. Ltd. The aluminium (Al) came from Hydro Aluminium High Purity
GmbH, while zinc (Zn) provided from Wilhelm Grillo Handelsgesellschaft GmbH. These
materials have a commercial purity. Their chemical composition and purity is given in Table 3.1.
The experimental alloys manufactured for this work are shown in Table 3.2. The alloys are
divided in three different groups. The first group contains the Mg-RE-Intermetallics and include a
high concentration of rare earth elements. The dilute binary alloys belong to the second group,
where various compositions are produced to observe the influence on corrosion resistance. For
the third group some extra alloying elements are considered based on the typical alloying
elements for Mg alloys in order to improve the corrosion resistance of the Mg-RE alloys. All
alloys were produced by gravity casting using an electrical resistance furnace (see Figure 3.1),
under a protective atmosphere composed of Argon-0.3 % SF6. Alloying elements were added
to the molten magnesium in the crucible at temperatures between 680 °C and 800 °C,
depending on the alloy. The melt was stirred for 10 minutes to make sure that the alloying
elements were homogeneously dissolved. The alloys were casted into a cylindrical steel mould
of 18 mm diameter and 150 mm length. A schematic sketch is shown in Figure 3.2. The
chemical compositions of each cast bar were measured at top and bottom positions in order to
ensure the composition homogeneity in the whole specimen using X-ray fluorescence (XRF)
(see Table 3.3).



Table 3.1 Chemical composition of the commercially pure elements
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Pure elements

Impurities | Mg Ce Dy Gd La Nd Y Al Ga Zn Mg2Mn
Ag <0.0001
Al 0.0046 0.0036 0.0320 | 0.017 | 0.0170 | 99.9966 <0.0010 | 0.0137
Be 0.000036
Bi 0.0009
© 0.0330 0.0340 | 0.0300
Ca 0.0100 | 0.0042 | 0.0012 | 0.0020 | 0.0020 | 0.0230 0.0300 0.00071
Cd <0.0030
Ce 99.000 | 0.0065 | 0.0005 0.0005 0.00317
Co 0.0050
Cu 0.0042 0.0214 0.0002 | 0.0002 0.0005 <0.0010 | 0.0025
Dy 99.500 | 0.0015 0.0180
Er 0.0010 | 0.0003 0.001
Eu 0.001 | 0.0010 | 0.0001 0.0003
Ee 0.0021 | 0.1100 | 0.0405 | 0.0034 | 0.1700 | 0.1500 | 0.0360 | 0.0010 | 0.0211 | <0.0020 | 0.00165
Ga 99.900
Gd 0.0017 | 99.000 0.0032
Ho 0.0010 | 0.0003 0.0012
La 0.001 | 0.0005 | 0.0016 | 99.000 0.0007 0.00026
Lu 0.0020 | 0.0001 0.0001
Mg 99.965 0.0001 0.0080 | 0.0045 | 0.0030 | 0.0001 | 0.0050 97.7400
Mn 0.0160 0.0020 | 0.0030 0.0090 2.2200
Mo 0.0260
Nd 0.0283 | 0.0002 | 0.0025 99.000 | 0.0010
Ni 0.0006 0.0005 | 0.0005 0.00163
(e} 0.1400 0.0280 | 0.700
Pb <0.0030
Pr 0.0050 | 0.0045 | 0.0001 0.0003
Sb 0.0200
Si 0.0073 | 0.0100 | 0.0202 | 0.0016 | 0.0150 | 0.0240 | 0.0130 | 0.0018 | 0.0090 0.00771
Sm 0.0014 | 0.0054 0.0008
Sn <0.0010 | <0.0005
Tb 0.0240 | 0.0073 0.0028
Tm 0.0007 | 0.0001 0.0001

0.0250
Y 0.0020 | 0.0003 99.000
Yb 0.0010 | 0.0001 0.0001
Zn 99.995 0.0057
Zr 0.0050
Others 0.0002 | 0.8333 | 0.1855 | 0.9790 | 0.6933 | 0.7368 | 0.1479




Table 3.2 Composition and casting parameters of experimental Mg alloys

Mg-RE-Intermetallic Wt. % Balance Tmelting (°C) Mcasting (CC)
Mg33Ce 33 Ce Mg 760 730
Mg57Gd 57 Gd Mg 800 800
Mg40La 40 La Mg 760 730
Mg38Nd 38 Nd Mg 785 730
Mg40Y 40Y Mg 730 700

Mg57Gd1Mn 57 Gd 1 Mn Mg 730 730
Mg57Gd2Mn 57 Gd 2 Mn Mg 730 730

Dilute binary alloys Wt. % Balance Tmelting (°C) Tzsiting (C)
Mg1Ce 1Ce Mg 680 650
Mg5Ce 5Ce Mg 700 660
Mg10Ce 10 Ce Mg 700 660
Mg15Ce 15 Ce Mg 770 720
Mg1Gd 1 Gd Mg 700 660
Mg5Gd 5Gd Mg 700 660
Mg10Gd 10 Gd Mg 700 660
Mg15Gd 15 Gd Mg 700 660

MgiLa 1La Mg 700 700
Mg5La 5La Mg 700 700
Mg10La 10 La Mg 700 700
Mg15La 15 La Mg 700 700
Ternary alloys Wt. % | Wt. % Balance Tmeliing (°C) Tcasting (CC)
Mg10Gd5Al 10 Gd 5 Al Mg 720 700
Mg10Gd5Ga 10 Gd 5 Ga Mg 720 660
Mg10Gd1Mn 10 Gd 1 Mn Mg 720 700
Mg10Gd5Y 10 Gd 5Y Mg 720 700
Mg10Gd5Zn 10 Gd 52Zn Mg 720 700
Mg5Gd1Mn 5Gd 1 Mn Mg 710 710
Mg5Gd2Mn 5Gd 2 Mn Mg 720 720

23
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Figure 3.1 Electrical resistance furnace

/

Upper

Bottom

Figure 3.2 Cast mould and example of a casted ingot



Table 3.3 Chemical analysis of the experimental Mg alloys

Upper (wt. %)

Botto

m (wt. %)

Alloy Element Balance
Mg33Ce Ce 35.0 35.1 Mg
Mg57Gd Gd 63.0 62.8 Mg
Mg40La La 39.0 38.9 Mg
Mg38Nd Nd 36.4 37 Mg
Mg40Y Y 39.1 38.7 Mg

Mg57Gd1Mn Gd Mn 64.13 0.29 62.53 0.28 Mg
Mg57Gd2Mn Gd Mn 57.53 0.55 56.63 0.54 Mg
Mg1Ce Ce 0.78 0.95 Mg
Mg5Ce Ce 4.08 4.10 Mg
Mg10Ce Ce 7.78 8.44 Mg
Mg15Ce Ce 9.07 9.75 Mg
Mg1Gd Gd 0.96 1.14 Mg
Mg5Gd Gd 4.52 4.28 Mg
Mg10Gd Gd 9.05 8.97 Mg
Mg15Gd Gd 12.8 13.1 Mg

Mg1iLa La 0.82 0.99 Mg

Mg5La La 3.54 3.67 Mg
Mg10La La 8.62 8.97 Mg
Mg15La La 14.3 14.4 Mg

Mg10Gd5Al Gd Al 5.18 2.55 1.70 1.98 Mg
Mg10Gd5Ga Gd Ga 8.78 4.03 8.83 4.22 Mg
Mg10Gd1Mn Gd Mn 9.16 1.13 9.50 1.09 Mg
Mg10Gd5Y Gd Y 8.68 4.37 8.63 4.34 Mg
Mg10Gd5Zn Gd Zn 7.3 3.83 7.2 3.93 Mg
Mg5Gd1Mn Gd Mn 3.94 1.04 3.47 1.05 Mg
Mg5Gd2Mn Gd Mn 5.83 0.48 3.95 0.47 Mg
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3.2 Heat treatment

Heat treatments (T6) were carried out to investigate the influence of the microstructure on the
corrosion behaviour of the binary Mg10Gd alloy. First the cast material was subjected to
solution treatment at 540°C for 24 h and quenched in water bath at room temperature.
Subsequently some samples were aged at 200°C, 300°C and 400°C for 24 h and cooled by
quenching in cold water bath (~ 8 °C) to freeze the microstructure developed at that condition.

Figure 3.3 shows schematically the T6 process.

Homogenizing

g
2

g 540 °C Aging

g 400 °C

2 300 °C

200 °C

RT \
~8°C
Time

Figure 3.3 T6 heat treatment procedure

3.3 Microstructural characterization

3.3.1 Specimen preparation

Firstly the samples were cut and embedded in epoxy resin (Demotec 30). Then the specimens
were ground with 800, 1200 and 2500 grit SiC paper using water as cooling fluid and between
grinding steps the samples were rinsed with ethanol. After grinding the samples were
mechanically polished using a porous cloth of neoprene (MD-Chem Struers) with 0.05 um OPS
(Struers) ™, suspension and soapy deionised water for 10 minutes to avoid oxidation. Finally
the samples were rinsed with ethanol and dried with hot air. The polished samples were
chemically etched for ~ 7 seconds with a solution of picric acid (140 ml of ethanol, 40 ml distilled
water, 7 ml acetic acid, 3-4 g picric acid). Afterwards the samples were immediately rinsed with

ethylic alcohol and dried with hot air.

3.3.2 Optical microscopy (OM)

After chemical etching the microstructure of the samples was evaluated using a Leica™ DMLM
light optical microscope with magnifications between 1.6 to 1000X combined with a Colour
View camera DC500. Subsequently the micrographs were viewed using image processing

software “analySIS pro” version 5.0.
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3.3.3 Scanning electronic microscopy (SEM)

Two scanning electron microscopes (SEM) were used. The Cambridge Stereoscan 200 with an
acceleration voltages ranging from 5-10 keV was used to examine the surface appearance of
the specimens before and after corrosion tests and ZEISS Ultra 55 with an acceleration
voltages ranging from 8-20 keV and equipped with energy-dispersive X-ray analysis systems
(EDX) for chemical microanalysis on selected areas or punctual analysis. Images were recorded

using secondary electrons (SE) and back scattered electrons (BSE).

3.3.4 Transmission electron microscopy (TEM)

Analyses of precipitate microstructures were conducted in a Phillips CM200 transmission
electron microscope operating at 200 kV. The samples for TEM analysis were prepared by
electric discharge machining 3 mm discs from alloy specimens that were ~ 200 mm in thickness
and twin jet electropolishing using a solution of 1.5% perchloric acid in methanol at a polishing
temperature of ~-45°C with a current of ~0.8-1.2mA and a voltage of 50V. Upon perforation the
specimens were washed in ethanol to remove any trace of acid. The investigations were carried
out in the bright field imaging mode, while selected area electron diffraction (SAED) patterns
were also recorded from areas of interest. Micro-beam electron diffraction (MBED) patterns
were recorded, with a nominal beam diameter of approximately 7.5 or 10 nm, and a nominal
condenser aperture diameter of 30 mm, from primary intermetallic phases and solid-state

precipitates.

3.3.5 X-Ray Diffraction (XRD)

The presence of the different phases in the proposed alloys was evaluated by X-ray diffraction
(XRD) analysis using a Siemens D5000 X-ray Powder Diffractometer with Cu Ka radiation. A
current of 40 mA at a voltage of 40 kV was used during the measurements. The samples were
scanned over a range of 10° to 90° at a step size of 0.010° with 7 sec/step and rotation speed of

30 rpm.

3.3.6 X-Ray photoelectron spectroscopy (XPS)

The surface treated samples were investigated by X-ray photoelectron spectroscopy (XPS)
using a Kratos DLD Ultra Spectrometer with an Al-Ka X-ray source (monochromator) as anode.
For the survey spectra a pass-energy (PE) of 160 eV was used while for the region scans PE
was 40 eV. For all samples charge neutralization was necessary. Depth profiling was carried out
by using argon sputtering with energy of 3.8 keV and a current density of 125 pA/cm?. The

etching rate was calibrated to 12 nm/min by using Ta,Os.
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3.4 Corrosion characterization

3.4.1 Electrochemical analysis

The entire electrochemical evaluations of the samples were performed using a typical three
electrode acrylic cell (330 ml electrolyte) as shown in the set-up in Figure 3.4. In this cell the
sample is the working electrode (WE) with a ~0.5 cm? exposed area, while reference (RE) and
auxiliary (AE) electrodes were Ag/AgCl, and Pt grid respectively. The electrolyte used was an
aerated solution of 0.5 wt. % NaCl. The cell was connected to a Gill AC Potentiostat from ACM

Instruments. The experiments were carried out with stirring at 21.5 £ 0.5 °C.

Figure 3.4 Experimental set-up for electrochemical evaluations, where RE is the reference
electrode, AE is the auxiliary electrode and WE is the working electrode

Specimens with the following dimensions 20 x 15 x 10 mm® and 15 mm diameter x 15 mm
thickness were cut from the cast ingot. For corrosion testing the samples were grounded in the
same way as described in 3.3.1 but only up to grit 1200. Following electrochemical techniques

were used:

Open circuit potential measurements (OCP)

The open circuit potential (also referred to as the equilibrium potential, the rest potential, open
circuit voltage) is the potential at which there is no external current. OCP is simply a technique
that measures the potential difference between the working and reference electrodes when
there is no current or potential existing in the cell. The OCP measurements were recorded for 5
(EIS), 30 (Polarisation) minutes immersion to reach potential stabilization before starting the

specific test. Recording of OCP only was done for 2 hours for the pure elements. Figure 3.5
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shows an example of OCP of a specimen recorded after 1800 s of exposure in 0.5 wt. % NaCl

solution.
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Figure 3.5 Example of OCP of a specimen measured during 1800 s exposure to a 0.5
wt. % NaCl solution

Potentiodynamic polarisation measurements

This technique is based on polarising a sample by applying an external voltage with the help of
a potentiostat. Depending on the polarisation direction of the OCP occur two opposite reactions
reduction and oxidation (Redox reactions). In the anodic reaction the metal atom loses n
electrons and becomes n* ion, e.g. Mg —Mg*+ 2e". In the cathodic reaction the electrons
produced in the oxidation reaction are used up in the reduction reaction, 2H" + 2e~ — H2 By
extrapolating the tangent (Tafel slopes) of the cathodic and anodic curves to E..r the corrosion
current igor is obtained by the interception of these curves, as shown in Figure 3.6. However at
the corrosion potential the cathodic and anodic currents are the same, the determination of
corrosion current can be made using only the cathodic slope. This is of significant importance as
the anodic slope is usually non-uniform. The icr value is used to determine the corrosion rate,
normally is expressed in miles per year (mpy) or mm/year. However this technique has been
received several criticisms because the calculations obtained are not consistent with other
techniques [147, 148, 151] due to the negative difference effect, (see 2.3 Negative Difference
Effect (NDE). Nevertheless for the current work this technique was used for a semi-quantitative
approximation. The potentiodynamic polarisation measurements were started at -150 mV
relative to the free corrosion potential. The scan rate was 12 mV/min and the test was

terminated when a current limit of 0.01 mA/cm? was reached.
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Figure 3.6 Schematic description of the determination of i, for Mg from an experimental polarisation
curve (black solid curve) using Tafel slops (blue and green lines)

The corrosion rates obtained from potentiodynamic polarisation measurements (ASTM
standard) [149] were calculated from the corrosion current density (icor) determined at the
intersection of the Tafel slope of the cathodic branch of the polarisation curve with the vertical

line through the corrosion potential using the equation.

Metal factor X icopy (11)
1000

Corrosion rate (mm/year) =

Metal factor is calculated from:

t XK
Metal factor =

Where
t (seconds per year) = 365.2422454*24*60*60 = 31556930 seconds
p is the metal density in g/lcm®

K'is the electrochemical equivalent in g/coulombs, K is obtained from

K = z atomic % of the element X atomic weight of the element
- 96487 coulombs X valency of the element

Electrochemical impedance spectroscopy (EIS)

Impedance is the opposition to the flow of alternating current (AC) in a complex system. The
impedance (Z) has the same physical meaning as the resistance (R), with the difference that it
varies with the frequency (w) of the applied potential. While in direct current (DC) polarisation

methods a potential is applied at a constant rate, in impedance measurements a sinusoidal
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potential variation is applied at different frequencies, which is generally from 10° to 102 Hz [150,
151]. The spectrum that correlates the real and imaginary parts of Z is called Nyquist plot Figure
3.7(a) and the spectrum which correlate total impedance and the theta angle with the applied
frequency are called Bode plots Figure 3.7(b). The EIS is used to characterize the electrical
behaviour of systems in which every answer is determined by several simultaneously processes
which are occurring at different rates. Hence, the surfaces and generally electrochemical
processes can be represented mostly with an electrical circuit. This circuit is known as an
electrical equivalent circuit (EEC). Capacitors, resistors, inductors and other elements of the
equivalent circuit have a physical explanation for constituting an arrangement equivalent to the
electrochemical process. The description of the electrical equivalent circuit parameters can
provide information about the electrochemical processes occurring at the interface or about the
surface condition e.g. film formation. For example, Figure 3.8 shows the EEC used to fit the
experimental impedance spectra shown in Figure 3.7 and describes two electrochemical
processes; one is attributed to oxide/hydroxide film formation and the second is related to the
corrosion process at the metal/electrolyte interface. These contributions are also visible in the
Nyquist plot (represented by the two semicircles Figure 3.7 a) although in the Bode plots (theta
vs frequency, Figure 3.7 b) they are more obvious in the two plateaus one at high frequencies
(10°) is related to the electrolyte-oxide film interface and second at low frequencies (107') is

related to the oxide film-metal interface.
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Figure 3.7 Examples of EIS spectra showing the Nyquist plot (a) and Bode plots (b) of a
sample after 72 h exposure in 0.5 wt. % NaCl solution
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Electrolyte Mg alloy

Figure 3.8 Schematic representation of the electrical equivalent circuit (EEC)
used to simulate the impedance spectra of Mg sample

By fitting the impedance spectra using that EEC it is possible to follow variations in capacitance
and resistance and thus variations of the surface layers with the exposure time.

Electrochemical impedance spectroscopy (EIS) measurements were performed setting up the
equipment in the frequency range between 102 and 10* Hz with amplitude of + 10 mV rms.
These impedance measurements were performed after different exposure periods of 1, 3, 6, 12,
24,48,72,96, 120 and 144 h.

All the measurements above mentioned were performed in triplicate to guarantee the reliability

of the results.

3.4.2 Hydrogen evolution and weight loss

The corrosion rate of the alloys was additionally investigated using standard eudiometer set-ups
with a total volume of 400 ml and a resolution of 0.5 ml as shown in Figure 3.9 . The tests were
performed in aerated 0.5 wt. % NaCl solution without agitation and a neutral starting pH value of
7. Flat specimens with dimensions 15 x 15 x 15 mm? or slides of 15 mm diameter x 4 mm
thickness were cut using a diamond cutting disc and ground using the same procedure as
described in 4.3.1. Then the coupons were immersed in the solution, the hydrogen evolution as
an indicator of the corrosion rate was monitored after certain time periods. The samples were
removed when the hydrogen has replaced the total volume of 400 ml water out the column. The
average corrosion rate of each specimen at the end of the tests was calculated in mm per year
by converting the total amount of collected hydrogen into material loss (1 ml H, gas = 0.001083

g dissolved Mg) and using the following equation

_ 876 x10*- Ag
- A-t-p

(14)

Where:
Ag: weight change in grams

A: area in contact with the solution in cm?
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t: time in hours

p: density of the material in g/cm® and

8.76x10": conversion factor to obtain the corrosion rate in mm/year (millimeter per year).

This corrosion rate was cross-checked by measuring the weight of the specimens before and
after the corrosion test. Therefore the specimens were cleaned for 30 minutes in chromic acid
solution (180 g/l) at room temperature then washed with ethanol and finally dried in hot air. With

this cleaning process all the corrosion products were removed.

Figure 3.9 Eudiometer set-ups

3.4.3 Galvanic coupling

The intermetallics phases described in section 3.1 were used to determine the galvanic current
between the magnesium matrix and the intermetallic phase. The schematic experimental set-up
of galvanic coupling is shown in Figure 3.10. The electrochemical cell consist of two working
electrodes (WE; and WE,) with exposed area of approximately 0.5 cm? and 0.5 cm?
respectively, and two reference electrodes of Ag/AgCl (RE, and RE;) which are connected to
two multimeters. The electrolyte used is a 0.5 wt. % NaCl solution at pH 11. The
electrochemical cell is connected to a Gill AC Potentiostat from ACM Instruments working as
zero resistance amperemeter and all the data (exchange current, mixed potential) were

recorded by a computer. The experiments were carried out for 24 hours with stirring at 21.5 +
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0.5 °C. In this study pure magnesium was used as working electrode 1 (WE,) and the different
Mg-RE-intermetallics (see section 3.1 casting) were placed as working electrode 2 (WEy).
Before starting the test the potential of both materials in the electrolyte were recorded.
Subsequently the working electrodes were short cut. The current density of the system is
measured between two working electrodes (WE,, WE;,) and the potential of the system also
called mixed potential will be measured with the reference electrode 1 (RE4). The purpose of
these measurements is to predict the exchange current of an intermetallic in a Mg matrix. Lower

exchange currents may suggest better corrosion resistance.

Switch / ACND instruments

=l (I

Figure 3.10 Galvanic coupling assembly, where RE4, RE; are the reference electrodes

and WE,, WE are the working electrodes

3.4.4 Drop / Immersion test

In order to observe more details about the starting corrosion process and the way it will carry
on, a drop and immersion test was performed which consist of dropping a very small amount of
5 wt. % NaCl solution on the surface of the samples for periods between 10 to 60 s. If the
samples did not present enough damage to stop the experiment, they were immersed for
periods between 10 to 60 minutes or even longer in the same solution mentioned above. The
chamber for this technique is shown in Figure 3.11 inside there are two glasses one is for the
sample and the second contains some water to maintain humidity and prevent drying of the
drop in the chamber. After exposure time, the remaining solution was removed and the surface

was cleaned for 30 minutes in chromic acid solution (180 g/l) at room temperature then washed
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with ethanol and finally dried in hot air. The surface appearance before and after the test was

controlled by scanning electron microscopy (see section 3.3.3)

Figure 3.11 Drop/immersion test chamber
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4. Results

4.1 Evaluation of the corrosion behaviour of pure metals

Rare earths are extracted as a mixture of rare earth elements with various compositions. The
most common misch-metal is rich in Ce, followed by La, with smaller amounts of Nd, sometimes
Pr and Y [152]. When misch-metals are added to Mg alloys, it is generally assumed that all
elements behave the same (in part as evidenced by the use of symbol E to denote all rare earth
elements in the alloy nomenclature). However, the Mg-RE phase diagrams suggest that each
individual rare earth element will have different behaviour when present as the dominant
alloying element [15]. For this work the most common rare earth elements Ce, Dy, Gd, La, Nd
and Y were selected based on their solid solubility in Mg and their electrochemical compatibility
to Mg. The rare earth elements with lowest solid solubility are La (0.042 at. %) [84, 153-155]; Ce
(0.1 at.%) [156, 157] and Nd (0.63 at.%) [84, 153]. While Dy (3.5 at.%) [158, 159], Y (3.75 at.%)
[159, 160] and Gd (4.6 at. %) [161, 162] show the highest solid solubilities. However not much
is known about their electrochemical properties in chloride containing aqueous solutions. Thus

in a first step the basic properties were determined.

a) Open Circuit Potential (OCP)

The variation of the open circuit potential (OCP) as a function of immersion time is used to
follow the chemical stability and corrosion process of the surface layers on a sample during
immersion [163]. The OCP curves of the pure metals are shown in Figure 4.1 and all results are
summarised in Table 4.1. All the metals exhibited a more active potential at the beginning of the
test. With increased immersion time their behaviour could be divided into three groups. In the
first group including La and Ce, the OCP changed rapidly between 100-200 s to much higher
values. The initial values of OCP are jumping from -1645 to -1420 mV for La and from -1668 to -
1521 mV for Ce. After some time, OCP of La increased further to reach a nobler potential of -
1342 mV at 2830 s and remained stable until the end of the test. For Ce, the OCP needed up to
4000 s to reach a stable potential value of -1464 mV. The second group consisted of Nd, Gd
and Y, which did not show stabilization regions as the OCP continued to shift to more noble
potentials. The last group contains Dy and Mg. The OCP of Dy increased initially and after 1900
s reached a nobler potential of -1316 mV; before it decreased to -1374 mV again after 2440 s
and remained constant until the end of the test. Mg had a slight shift of the potential to -1614
mV after 44 s of immersion. The potential became slightly more active (-1636 mV) again
between 44 and 328 s of immersion. Finally, the OCP became nobler reaching -1568 mV after

1090 s immersion and remained almost constant until the end of the test.
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Figure 4.1 Open circuit potential (OCP) vs. time of pure metals after 2 h immersion in 0.5 wt.%
NaCl solution

Table 4.1 Open circuit potential (OCP) measurements and after 2 h

of pure metals in 0.5 wt.% NaCl solution

OCP OCP;
Element (mV vs. AZTO\QCI) (mV vs. Ag/Angn)ail) after 2 h

Ce -1668 £ 2 -1454 £ 2
Dy 1517 + 1 -1360 £ 2
Gd -1578 + 3 -1430+ 7
La 1645 + 2 -1333+3
Nd -1637 + 2 1370 £ 2
Y 1641+ 5 -1508 + 9
Mg -1645 + 4 1574+ 5

The behaviour of all pure metals in NaCl solution could be assigned to different stages of
interaction between surface and electrolyte. Regions with stable OCP reflect the formation of
passive/protective film, which is in a stable equilibrium state of formation and dissolution. The
region, where the OCP shifted to more active values or shows fluctuations reflect that the
electrolyte and especially chloride ions penetrated the passive layer and reach the pure metal,
this is the case of La, Dy, Ce, which present similar behaviour like Mg. The protective film is lost
locally or gets thinner. Zones with higher fluctuations of potential such Gd and Nd could reflect
that the passive layer could have some defects as pores or cracks, where the electrolyte
reacted with the pure metal. If the OCP shifts into the noble direction the thickness of the

passive/protective film is growing or gets denser. The fast changes at the beginning of
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immersion reflect a fast conversion of the air grown oxide layer most likely a hydroxide/oxide

mixture.

b) Potentiodynamic polarisation measurements

Potentiodynamic polarisation measurements of the pure metals are shown in Figure 4.2. From
Figure 4.2 the values of corrosion potential (E..), the corrosion current density (i) and the
corrosion rate (calculated from the intersection current density) can be derived. Corrosion
potentials of the RE elements are nobler than the corrosion potential of Mg, which is consistent
with the long term OCP measurements. However i, of the most of the RE elements are
roughly 2 orders of magnitude higher, compared to pure Mg (see Table 4.2). However, RE
metals such as Dy and Gd displayed some form of “passive range” at potentials between -987
to -809 mV for Dy and -1080 to -872 mV for Gd, where there appears to be “spontaneous
passivity”. This behaviour of Dy and Gd is very interesting, since it reveals that at least some RE
metals are rather resistant to corrosion in 0.5 wt. % NaCl, which is consistent with findings from
Birbilis et al. [15].
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Figure 4.2 . Potentiodynamic polarisation measurements of pure elements in

0.5 wt. % NaCl solution



39

Table 4.2 Electrochemical data from potentiodynamic polarisation measurements of

pure metals in 0.5 wt. % NaCl solution

Element icorr Ecorr CR Passive range Epit
(mA/cm?) (mV vs. Ag/AgCI)| (mm/year) | (mV vs. Ag/AgCl)J(mV vs. Ag/AgCl)
Ce 0.13 £ 0.05 -1351 £ 58 3.00+1.4 - -
Dy 8.3x10™ + 0.004 -1110 + 4 0.17 £ 0.08 -987 to -809 -809
Gd 0.027 +0.02 -1290 £ 77 0.59+04 -1080 to -872 -861
La 0.17 £0.01 -1307 £ 5 426 +0.3 - -
Nd 0.19 £ 0.003 -1350 + 2 4.21 £ 0.06 - -
Y 0.09 + 0.04 -1403 £ 66 1.91+0.08 - -
Mg [4.9x10°+0.003 -1580 + 13 0.11 £0.08 - -

The corrosion studies of pure RE elements show that all RE elements were nobler to Mg. Based
on these results it was decided to prepare Mg-RE-intermetallics with, Ce, Gd, La, Nd and Y.
Only Dy was not selected because of higher price and higher exchange current in a couple with
Mg compared to Gd, but similar properties e.g. passivity and solubility. Ce, La and Nd were
chosen for their relatively low solid solubility in Mg which allows microstructural modifications
with low amounts of RE addition. Gd was selected due to its extensive solid solubility in Mg.
Additionally; Gd showed a passivation region that may suggest enhanced corrosion resistance.
Y has the lowest potential difference compared to Mg [164] i.e. it is the least noble of all the RE

elements tested.

4.2 Mg-RE-Intermetallics

If RE elements are added to Mg and if the solubility limit is exceeded the specific Mg rich
intermetallic will form Mg,Nd, MgsGd, Mg,;Ce,, Mgs;,La, and Mg,,Ys. These Mg-RE-
Intermetallics as a combination of the selected RE with magnesium have a composition of
Mg33Ce, Mg57Gd, Mg40La, Mg38Nd and Mg40Y, in weight percent. Alloys with intermetallic
composition were casted because of two reasons:

a) To see how the combination with pure Mg affects the electrochemical properties of RE
elements and vice versa; and

b) To evaluate the electrochemical data of the intermetallics to understand their interaction in

the Mg matrix.

4.2.1 Microstructure

4.2.1.1 As-cast condition

a) Scanning electron microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)

The SEM micrographs of the as-cast Mg-RE-intermetallics are shown in Figure 4.3. EDS point
analysis were made on the selected points labelled as A, B, C, D, E, F, G, and reported in Table
4.3. Mg33Ce alloy consisted of a small volume fraction of secondary phases with different

morphologies (Figure 4.3 a). Small spherical particles and a small fraction of a eutectic lamellar
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structure were observed. The higher magnification micrograph shown in (Figure 4.3 b) indicates
the different morphologies and sizes of the phases. Both the lath like (marked as “A”) and the
small spherical phases (marked as ‘B’) contained more Ce (Table 4.3) than the eutectic lamellar
structure (marked as ‘C’) and the irregular shaped phase (marked as “D”). E shows
compositions between (7.5-9.1 at. %) Ce and (89.6-91.4 at. %) Mg. The concentration of the
ratios of Mg to Ce were around 4.4 and 20.5 for spherical/lath particles and eutectic lamellar
particles, respectively, which are too far from the ideal Mg/Ce ratios of 8.5 or 8.2 for Mg4;Ce; or
Mg.1Ces phases, respectively, reported in the Mg-Ce system [100, 165]. However the ratios
Mg/Ce for the matrix were between 9.8 and 12.1, which are relatively close to the above Mg-Ce
phases.

Mg57Gd alloy consisted of a large volume fraction of intermetallic phases (Figure 4.3 c): mainly
large particles with irregular shape and small volume fraction of cubic-spherical structure. The
higher magnification micrograph (Figure 4.3 c) shows the distribution and morphologies of
secondary phases. Small particles with geometrical shape (marked as “A”), lath shaped
(marked as “B”) and irregular shape (marked as “C”) contained the highest amount of Gd
between 33 and 72 at. % (Table 4.3). While the irregular shaped particles dark grey (marked as
“D”) has a composition of 19.60 at. % Gd. While the matrix showed composition between 12.8
to 17.10 at. %. These results are consistent with Hampl et al. [161]. The ratios of Mg to Gd were
around 4 and 6 for the phases marked as “C”, “D” and the matrix “E” respectively, and are
relatively close to the ideal ratio of 5 for the phase MgsGd, reported for the Mg-Gd system [14,
161].

The microstructure of the as-cast Mg40La alloy (Figure 4.3 e) consisted of a small volume
fraction of second phases. Figure 4.3f shows the higher magnifications micrograph of the
Mg40La microstructure. Several particles with different morphologies were observed: eutectic
lamellar structure (marked as “A” and “C”) with La concentration of 23.4 at.% and 18.4 at.%
respectively (Table 4.3); small volume fraction of bright particles marked as “B” with the lowest
La concentration of 5.2 at.%; and an irregular shaped phase (marked as “D”) with approximately
19.9 at.% of La similar to “C”. While “E” showed a range concentrations between 8.1 to 10.11
at.% La. Chia et al. [152] and Birbilis et al. [15] studied the Mg/La system with additions of up to
4 wt. % La, and found the Mgs,La intermetallic phase. In this investigation using a high
concentration of La, Mgq7La, intermetallic phase was expected but only in the marked regions
as “E” and “F” the Mg/La ratio were between 8 and 11, which are close to the 8.5 ideal ratio of
Mg.7La; for the other positions the La/Mg ratios determined by SEM- EDS analysis were not
representative of this phase.

The Mg38Nd microstructure consisted of a large volume fraction of second phases (Figure 4.3
g): mainly large particles with irregular shape (dark grey) and small volume fraction of cubic or
spherical morphology (bright phases). The high magnification micrograph (Figure 4.3 h) shows

the small volume fraction of the bright irregular shape microstructure marked as “A”, with 38
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at.% Nd, cubic shape marked as “B” or “C” with similar concentration of Nd, at 16.8 at.% and
16.9 at.% respectively; and spherical shaped particles marked as “D” with concentration
approximately of 2.7 at.% Nd. The large volume fraction of irregular phase (dark grey) marked
as “‘E” contained the lowest concentration of Nd with 1.5 at.%, “F” contained a high
concentration of Nd, around 22 at.% and "G" regions contains a wide range of concentrations
of Nd (8.0 — 18.3 at%.). Birbilis et al. [15] have demonstrated that with additions of up to 4 wt.%
of Nd it is possible to observe the Mg;Nd intermetallic phase but Easton et al. [166]
demonstrated that the occurrence of MgsNd and Mg+,Nd intermetallic phase formation depend
upon the solidification rate and the heat treatment.

Mg40Y alloy consist of several phases as well (Figure 4.3 i): mainly large particles with irregular
shape (dark grey) and small volume fraction of cubic structure (bright phases). The high
magnification image (Figure 4.3 j) shows a small volume fraction of the bright cubic shaped
microstructure marked as “A” and “B”, with higher Y concentrations of around 53.2 at.% and
40.9 at.% respectively. The large volume fraction of irregular phase (dark grey) marked as “C”
and “D” has Y concentration of around 21.8 at.% and 4.2 at.% respectively. While the regions
marked as “E” has between 11.40 to 21.60 at.% Y. Latter result is in agreement to those of
Zhang et al. [108], who reported in an alloy with up to 15 wt.% Y intermetallic compound
Mg24Ys.

The X-ray diffraction analysis reported below in conjunction with SEM-EDS composition

analyses clarify the intermetallic phases expected.



Figure 4.3 SEM micrographs of as-cast Mg-RE- Intermetallics: left side lower
magnifications, right side higher magnifications showing different phases

42
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Table 4.3 EDS analysis of the selected points of the as-cast Mg-RE-Intermetallics

Alloy Location | Ce (at.%) | O (at.%) | Si(at.%) | Fe (at.%) | Mg (at.%) | Mg/Ce ratio
A 15.55 14.87 0.81 0.28 68.49 4.40
B 17.49 2.59 3.05 - 76.87 4.39
Mg33Ce C 3.65 0.79 - - 95.56 26.18
D 6.10 0.82 - - 93.08 15.25
E 7.5-9.1 0.9-1.28 | 0.1-0.25 - 89.54-91.4 | 9.85-12.19
Gd (at.%) | O (at.%) | Si(at.%) | Fe (at.%) | Mg (at.%) | Mg/Gd ratio
A 50.21 11.13 1.06 - 37.60 0.74
B 32.16 1.38 1.35 - 65.11 2.02
Mg57Gd C 71.88 10.33 1.22 - 16.57 0.23
D 19.60 1.17 0.06 - 79.17 4.03
E 12.8-17.1 | 0.93-7.6 | 0.3-0.5 - 74.9-83.41 | 4.38-6.22
La (at.%) | O (at.%) | Si(at.%) | Fe (at.%) | Mg (at.%) | Mg/La ratio
A 23.41 15.48 0.40 - 60.71 2.59
B 5.21 7.39 1.00 0.16 86.24 16.55
Mg40La C 18.38 12.26 - - 69.36 3.77
D 19.87 3.30 - - 76.83 3.86
E 8.1-10.11 | 1.33-3.03 | 0.1-0.2 - 86.68-90.1 | 8.57-11.05
F 9.65 1.33 - - 89.02 9.22
Nd (at.%) | O (at.%) | Si (at.%) | Fe (at.%) | Mg (at.%) | Mg/Nd ratio
A 32.59 11.12 0.51 - 55.78 1.71
B 16.82 2.09 1.42 - 79.67 4.73
C 16.91 1.56 1.89 - 79.64 4.70
Mg38Nd D 2.73 5.72 1.04 - 90.51 33.15
E 1.52 0.63 - - 97.85 64.37
F 21.99 2.05 - - 75.96 3.45
G 8.0-18.3 | 0.20-1.53 | 0.1-0.3 - 80.2-90.2 | 4.38-11.44
Y (at.%) | O (at.%) | Si(at.%) | Fe (at.%) | Mg (at.%) | Mg/Y ratio
A 53.23 14.68 0.13 - 31.96 0.60
B 40.96 5.37 - - 53.67 1.31
Mg40Y C 21.84 2.03 - - 76.13 3.48
D 4.21 0.86 - - 94.93 22.54
E 11.4-216 | 2.1-6.7 | 1.0-1.60 - 70.2-87.4 | 3.25-7.33

b) X-Ray diffraction (XRD)

Figure 4.4 shows the X-ray diffraction patterns from the as-cast Mg-RE-Intermetallics, a-Mg

peaks are present for all the casting. The diffraction pattern of Mg33Ce showed peaks that

correspond to the Mg;Ce, phase and weak peaks of MgsCes phase. For Mg38Nd, the

diffraction pattern showed three intermetallic phases identified as Mgs,Nd, Mg41Nds and MgsNd.

Easton et al. [166] found that the intermetallics phases in this system depends on the casting

parameters and non-equilibrium phases such as MgsNd and Mg,Nd were observed in as-cast

alloys. The diffraction patterns of Mg57Gd, Mg40La and Mg40Y suggested the presence of the

intermetallic phases as MgsGd, Mgq7Laq, and Mga4Ys respectively.
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Figure 4.4 X-ray diffraction patterns of as-cast Mg-RE-Intermetallics

(A=1.54 nm and CuKa radiation)
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4.2.1.2 Effect of heat treatment

a) Scanning electron microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)
Figure 4.5 shows the SEM micrographs of the Mg-RE-intermetallics after heat treatment at
540°C for 72 h. EDS point analyses were made on the selected points labelled as A, B, C and
D. Mg33Ce consisted of a small volume fraction of small spherical or lath type of particles
(Figure 4.5 a). There is no evidence of eutectic lamellar structure as observed in the as-cast
state in Figure 4.3 (b). The EDS analysis reported similar concentration of Ce and Mg in the
secondary phases (marked as “A”) and bright/ dark grey areas marked as “B”, “C” and “D”
respectively. The ratio of Mg to Ce was higher than 11 for all four positions, which is not really
close to the ideal Mg /Ce radio of 8.5 for Mg,;Ce; but suggests homogeneous composition.
Mg57Gd consisted of a large volume fraction, mainly bright particles with irregular shapes
(marked as “A”) and geometrical shape (marked as “C”) (Figure 4.5 b), which contained the
highest amount of Gd 29 and 87 at.% respectively, (Table 4.4) and dark grey particles with
irregular shape (marked as “B”) has Gd compositions of 12 at.%, while the region marked as “D”
have Gd compositions between 11.80 to 16.05 at.% respectively, which corresponds relatively
good to the ideal ratio of 5 for the MgsGd phase.

The microstructure of the Mg40La (Figure 4.5 c¢) consisted of a small volume fraction of
secondary phases, bright particles (marked as “A”) with La concentration of 19 at.% (Table 4.4).
SEM-EDS analysis made on the bright (marked as “B”) and dark (marked as “C”) areas show
concentration of La around 9 at. %. While the areas marked as “D” show concentration between
7.4-9.1 at.% La. The ratios of Mg to La were around 3.92 for the bright particles and for the two
areas 9.74 and 10, while “C” areas were 9 to 11, these values are close to the ideal Mg/La ratio
of 8.5 for Mg4sLa..

The microstructure of Mg38Nd after heat treatment showed small volume fraction of secondary
phases (Figure 4.5 d): mainly irregular shape particles, marked as “A”, with 10.77 at% Nd, and
Mg/Nd ratio was 8.05, which corresponds to the Mg44sNds phase. The areas marked as “B” and
“C” showed Nd concentrations of 12.60 at. % and between 8.3 to 12.6 at.% respectively, the
Mg/Nd ratios were around 6.73 and between 6.7 to 10.5 respectively.

The microstructure of Mg40Y showed a large volume fraction of secondary phases: mainly
consisted of regular shape particles marked as “A” and irregular shape particles marked as “B”
(Figure 4.5 e). The Y concentration of these regular particles was 19.70 at.% which corresponds
to a composition close to MgyYs intermetallic phase. The irregular particles “B” presented the
heights concentration of Y around 36.39 at.% and the area marked as “C” contained Y
concentration between 11.20 to 13.27 at.% (Table 4.4). The SEM-EDS analysis of selected
particles shows that the heat treatment increased the amount of the expected intermetallic
phases and homogenise distribution of RE in the intermetallics phases, but did not remove the

secondary RE phases fully.
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Figure 4.5 SEM micrographs of Mg-RE- Intermetallics after heat treatment at 540°C for 72 h

46



Table 4.4 EDS analysis of the selected points of the Mg-RE-Intermetallics after

heat treatment at 540°C for 72 h

Alloy Location Ce (at.%) O (at.%) Mg (at.%) Mg/Ce ratio
Mg33Ce_ht A 7.96 1.43 90.61 11.38
B 8.01 2.00 89.99 11.23

C 6.5-8.03 1.43-4.10 | 89.20-90.61 | 11.19-13.78

Gd (at.%) O (at.%) Mg (at.%) Mg/Gd ratio
Mg57Gd_ht A 29.67 2.22 68.11 2.30
B 12.71 18.90 68.39 5.38
C 87.69 4.94 7.37 0.08

D 11.80-16.05 | 1.38-4.70 | 82.42-83.60 5.14-7.08

La (at.%) O (at.%) Mg (at.%) Mg/La ratio
Mg40La_ht A 19.27 5.02 75.71 3.93
B 9.18 1.38 89.44 9.74

C 7.40-9.18 1.38-4.60 | 87.40-89.44 | 9.74-11.97

Nd (at.%) O (at.%) Mg (at.%) Mg/Nd ratio
Mg38Nd_ht A 10.77 2.43 86.80 8.06
B 12.60 1.27 85.54 6.79

C 8.30-12.60 1.86-4.89 | 85.50-89.20 | 6.79-10.58

Y (at.%) O (at.%) Mg (at.%) Mg/Y ratio
Mg40Y_ht A 19.70 - 80.30 4.08
B 36.39 42.09 21.52 0.59

C 11.20-13.27 | 2.80-3.70 | 82.60-85.40 6.54-7.60
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b) X-Ray diffraction (XRD) after heat treatment

Figure 4.6 shows the X-ray diffraction patterns of the Mg-RE-Intermetallics after heat treatment.
Except for Mg38Nd the results indicate the presence of a single intermetallic phase while some
traces of a-Mg were also detected. The diffraction patterns of Mg33Ce, Mg58Gd, Mg40La and
Mg40Y showed peaks with better resolution for the intermetallic phases compared with the X-
ray patterns of the as-cast condition samples (Figure 4.4). The intermetallic phases of Mg4;Ce;,
MgsGd, MgssLa; and Mga,Ys were observed for Mg33Ce, Mg58Gd, Mg40La and Mg40Y
respectively, while in Mg38Nd, two intermetallic phases were identified, Mg4sNds and MgsNd.
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Figure 4.6 X-ray diffraction patterns of Mg-RE-Intermetallics after heat treatment
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4.2.2 Evaluation of the corrosion behaviour

4.2.2.1 As-cast condition

a) Open Circuit Potential (OCP)

Open circuit potential (OCP) of the Mg-RE-intermetallics is shown in Figure 4.7. It reveals that
the OCP of the RE element has no direct influence on the potential of Mg-RE-intermetallic e.g. it
cannot be used to predict their behaviour, as the order of activity (potential) is not the same
anymore. The OCP values of Mg-RE-intermetallics shifted to less noble values compared with
pure RE potential values (Figure 4.1), but they are still significantly less active than pure
magnesium. The intermetallic castings of Mg38Nd, Mg40Y and Mg40La show stable OCP
values during the test, while Mg33Ce shows stronger potential fluctuations and the final
potential shifted to a value of approximately -1576 mV (see Table 4.5). On the other hand OCP
of Mg57Gd shifts towards a more noble potential values during the test compared to with the
other intermetallics and reached a nobler potential at -1507 mV (see Table 4.5). The OCP

results might be influence by phase mixtures especially for the Mg38Nd and Mg 33Ce castings.

-1500

Mg58Gd,s.cast
\ Mg“"OYas-:asl

Mg40|-aas-casl Vs

i Mg33cea5-cast

Potential (mV)

O & @ s W ¢ oya o2 ouw§o§ o
0 500 1000 1500 2000

Time (s)

Figure 4.7 Open circuit potential (OCP) vs. time of the as-cast Mg-RE-
intermetallics after 30 minutes immersion in 0.5 wt.% NaCl solution
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Table 4.5 Electrochemical data from open circuit potential (OCP) measurements of the as-cast
Mg-RE-intermetallics in 0.5 wt% NaCl solution

Mg-RE-int. Einitiar Efinal OCP
as-cast condition | (mV vs. Ag/AgCl) | (mV vs. Ag/AgCl) | (mV vs. Ag/AgCI) after 30 min
Mg33Ce -1636 -1576 -1570+ 3
Mg38Nd -1661 -1552 -1558 £ 6
Mg40La -1541 -1550 -1549+ 0.4
Mg40Y -1568 -1538 -1551 £ 15
Mg58Gd -1550 -1507 -1529 + 22
Mg -1704 -1600 -1629 + 54

b) Potentiodynamic polarisation measurements

Figure 4.8 shows the potentiodynamic polarisation measurements for the Mg-RE-intermetallics.
The plot includes the response for the high purity magnesium, for comparison. These results,
illustrate that combination of RE with Mg form respective intermetallic, which leads to a
corrosion potential closer to Mg but which is still higher by up to 50 — 99 mV compared to pure
RE and Mg (see Table 4.6). Higher corrosion rates were also observed. Mg33Ce showed the
lowest corrosion rate (2.24 mm/year), while Mg40 Y has the highest corrosion rate at 15.45
mm/year. Mg38Nd, Mg40La and Mg58Gd presented intermediate values, at 7.84 mm/year, 9.93
mm/year and 10.36 mm/year, respectively.
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Figure 4.8 Potentiodynamic polarisation measurements of the as-cast

Mg-RE-intermetallics in 0.5 wt.% NaCl solution
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Table 4.6 Electrochemical data from potentiodynamic polarisation measurements

of the as-cast Mg-RE-intermetallics in 0.5 wt.% NaCl solution

Mg-RE-int. o Ecor CR
as-cast condition (mA/cm?) (mV vs. Ag/AgCl) (mm/year)
Mg33Ce 0.10 £ 0.06 -1536 + 1 2.24 +1
Mg38Nd 0.34 + 0.05 -1527 + 2 7.84 +3
Mg40La 0.43 £0.03 -1519+ 3 9.93+2
Mg40Y 0.68 £ 0.02 -1532 + 3 15.45+4
Mg58Gd 0.45 + 0.04 -1487 + 2 10.36 + 4
Mg 0.03 + 0.003 -1586 + 5 0.61+0.7

4.2.2.2 Effect of the heat treatment

a) Open Circuit Potential (OCP)

Figure 4.9 illustrates the open circuit potential values (OCP) of the Mg-RE-intermetallics after
heat treatment at 540°C for 72 h. The OCP values of the heat treated Mg-RE-intermetallics
shifted slightly to more active values compared with the as-cast intermetallics (Figure 4.7), but
they are still less active than pure magnesium. The intermetallics, Mg38Nd, Mg40La and Mg40Y
show unstable OCP values during the initial seconds (0 — 500 s), then their OCP values shifted
to more noble potentials at -1562 mV, -1559 mV and -1540 mV, respectively. Mg33Ce shows
less potential fluctuations compared with as-cast condition and the final potential shifted to a
value of approximately -1584 mV (see Table 4.7). On the other hand OCP of Mg57Gd stabilised
after 500 s immersion and at the end is still the noblest OCP with -1533 mV
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Figure 4.9 Open circuit potential (OCP) vs. time of heat treated Mg-RE-intermetallics

after 30 minutes immersion in 0.5 wt.% NaCl solution



Table 4.7 Open circuit potential (OCP) measurements of the heat treated

Mg-RE-intermetallics in 0.5 wt% NaCl solution

Mg-RE-int. Einitiar Efinal OCP
after heat treatment| (mV vs. Ag/AgCl) | (mV vs. Ag/AgCl) | (mV vs. Ag/AgCl) after 30 min
Mg33Ce -1583 -1584 -1579+ 3
Mg38Nd -1562 -1562 -1561 + 1
Mg40La -1559 -1559 -1573 +3
Mg40Y -1528 -1540 -1551 + 3
Mg58Gd -1578 -1533 -1529 + 3
Mg -1704 -1600 -1629 + 54

b) Potentiodynamic polarisation measurements

Potentiodynamic polarisation curves of the Mg-RE-intermetallics after heat treatment at 540°C
for 72 h are shown in Figure 4.10. After the heat treatment the corrosion potential values (Ecor)
of the intermetallics and Mg were divided in three categories. Lower E,,. differences compared
to Mg and the as-cast condition were observed for Mg33Ce, Mg38Nd and Mg40La with around
18 mV, 35 mV and 50 mV respectively. Mg40Y showed nearly no change and the Ecor
difference remained at 53 mV. Mg58Gd showed the highest E.,, difference around 135 mV
which is even higher than in the as-cast condition (see Table 4.8). The current densities were
also affected by the heat treatment changing the corrosion rates compared with the values of
the as-cast intermetallics (see Table 4.6). The corrosion rate increased dramatically for Mg38Nd
(14.41 mm/year). The opposite was observed for Mg58Gd with a corrosion rate of 4.75
mm/year, indicating a reduction of 50% of the as-cast value. Mg33Ce, Mg40La and Mg40Y did
not show remarkable changes of their corrosion rates (see Table 4.6 and Table 4.8). The Mg
addition tends to produce less noble values of E.,, for the intermetallics, as the Mg additions are
less noble than pure RE [15]. Corrosion potential values (E..r) for the Mg-RE-intermetallics are
clearly nobler than corrosion potential of Mg. However icorr of Mg-RE-intermetallics are
considerably higher than icorr of pure Mg generating high corrosion rates. In general the

intermetallic phases degraded faster than pure magnesium
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Figure 4.10 Potentiodynamic polarisation measurements of heat treated

Mg-RE-intermetallics in 0.5 wt.% NaCl solution

Table 4.8 Electrochemical data from potentiodynamic polarisation measurements

of the heat treated Mg-RE-intermetallics in 0.5 wt. % NaCl solution

Mg-RE-int. icorr Ecorr CR

after heat treatment| (mA/cm?)  |(mV vs. Ag/AgCl) (mm/year)
Mg33Ce 0.11 £ 0.01 -1567 +4.92 2.57£0.19
Mg38Nd 0.63 + 0.03 -1551 £ 1.13 14.41 + 0.09
Mg40La 0.47 £0.20 -1536 + 2.76 10.64 £ 4.16
Mg40Y 0.67 + 0.03 -1533 + 1.65 15.36 £ 0.97
Mg58Gd 0.21 + 0.01 -1451 £ 2.51 4.75+ 0.55

Mg 0.03 £ 0.003 -1586 + 5.43 0.61+0.7

4.2.2.3 Galvanic coupling

The galvanic current was measured between the magnesium
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matrix and the Mg-RE-

intermetallics in the as-cast condition and following the heat treatment. The measurements were

performed using an exposed area of 0.5 cm? for both electrodes. The galvanic coupling reveals

the interaction between the intermetallic phases and the matrix when in contact with a corrosive

medium. Figure 4.11 shows the resulting current density vs. time for the coupling of pure Mg

with the Mg-RE-intermetallics in the as-cast condition (a) and after the heat treatment (b) in 0.5

wt.% NaCl solution. For the as- cast intermetallics the coupling between Mg and Mg57Gd show
the highest current density of around 0.375 mA/cm?, followed by Mg and Mg38Nd at 0.166
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mA/cm?, Mg and Mg33Ce with 0.107 mA/cm? . Mg and Mg40Y revealed large current density
fluctuations during the test but the final current density was 0.032 mA/cm?. Mg and Mg40La
showed the lowest current density at 0.011 mA/cm?. The coupling experiment following the heat
treatment show changes to the current density of the galvanic couples, some show an increase
while others show a decrease of current densities compared with those as-cast samples. Mg
and Mg33Ce showed a slight increase in the current density (0.144 mA/cm?), while for Mg-
Mg38Nd and Mg-Mg40Y current density doubled (0.30 mA/cm?) and 0.086 mA/cm? respectively.
Mg and Mg40La showed the strongest relative increase six times more in the final value of the
current density with 0.05 mA/cm?.

Mg and Mg57Gd showed a 50% reduction of the current density (0.185 mA/cm?) in the heat
treated condition compared to the as-cast samples. The uniform distribution of elements, and
the reduced amount of additional phases detected after the heat treatment resulted in the
increase of the current density of the galvanic coupling of all intermetallics with Mg. Only the
Mg57Gd showed an opposite trend. A possible explanation is the reduction of a-Mg in the
intermetallic castings after heat treatment. This has removed or reduced a local self-protection
effect of the cathode by incorporated sacrificial Mg anode areas reducing the external current
between Mg anode and intermetallic cathodes.

The intermetallic containing Nd was the exception, as even after the heat treatment two different
intermetallics phases were observed and it is difficult to judge which one of the phases is
responsible for the properties.

At this point only three Mg-RE systems are of further interest: Mg-La because of the lowest
exchange currents, Mg-Ce because of the lowest practical potential difference and the lowest
corrosion rate of its intermetallic phase and Mg-Gd because of its high solubility offering the
chance to prevent critical intermetallic precipitates. Furthermore the intermetallics in this system
it present seems to be the more detrimental from the point of galvanic coupling.

The other two systems (Mg-Nd and Mg-Y) were omitted, because they did show only average
properties. For the other systems binary alloy were casted with different amounts of
intermetallics in the microstructure and the detailed analysis of microstructure and properties will

be addressed in the following chapter.
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4.3 Binary alloys

4.3.1 The as-cast alloys

The Mg-Ce, Mg-La and Mg-Gd binary alloys were prepared to evaluate the influence of
composition (amount of intermetallic phases) on the corrosion behaviour. Four concentrations
were casted with 1, 5, 10 and 15 wt. % of Ce, La and Gd. Ce and La have low solubility, while
Gd has the highest solubility of the RE elements in Mg. So the influence of different
combinations of Mg matrix solubilities with different amounts of intermetallics on the corrosion

behaviour can be studied.

4.3.1.1 Characterization

a) Scanning electron microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)
Increase in the alloying addition increased the amount of intermetallic or eutectic phase. Figure
4.12 shows the morphology of as-cast Mg-Ce alloys with different Ce concentrations. With 1 wt.
% Ce addition, the eutectic phase is fine. Increase in Ce content to 5 wt. % resulted in a
continuous distribution of intermetallic phase along the grain boundaries. The bright phases in
all alloys which are the intermetallics contain amounts of Ce between 1.5 and 7 at%. Which is
consistent with the analysis of the casted and heat treated Mg-Ce-intermetallics and the dark
phase marked as “C" is the a-Mg matrix with Ce content between 0.07 and 0.75 at%. When the
Ce addition increased to 10 wt.%, the primary a-Mg dendrites (marked as “C”) decreased
considerably and at an addition of 15 wt.% Ce, the eutectic phase (marked as “A” and “B”) is

more abundant and the amount of a-Mg (marked as “C”) is low.
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Figure 4.12 SEM micrographs of as-cast Mg-Ce alloys with 1 wt.%, 5 wt.%, 10 wt.% and 15
wt.% of Ce

A similar behaviour was also observed in Mg-La alloys. Figure 4.13 shows the microstructures
of gravity die-cast Mg-La alloys with different amounts of La. The dark phases are a-Mg solid
solutions (marked as “C”) and the grey phases in all alloys (marked as “A” and “B”) presented
La content between 3 and 6 at% (see Table 4.9). This system shows an even larger amount of

eutectic phases in the inter-dendrite regions compared with Mg-Ce [152].
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Figure 4.13 SEM micrographs of as-cast Mg-La alloys with 1 wt.%, 5 wt.%, 10 wt.% and 15
wt.% of La

The Mg-Gd alloys show a different behaviour compared with Mg-Ce and Mg-La. The typical
microstructures of as-cast Mg-Gd alloys are shown in Figure 4.14. The a-Mg phase (marked as
“D”) and the intermetallic phases in all alloys marked as “A” and “B” do contain between 5 and
15 at.% Gd in the precipitates indicating the presence of the MgsGd intermetallic phase. In
addition some a-Mg zones with Gd-enrichment of up to 4 at. % were observed in all alloys and
marked as “C”, this Gd content is relatively higher compared to the primary a-Mg dendrites
(“D”). The eutectic phases (A+B) form not only at the grain boundaries but also at intra-
granularly locations in a-Mg phase. Altogether, the Mg-Gd alloys have a much lower amount of
eutectic phase due to the high Gd solubility in a-Mg
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Figure 4.14 SEM micrographs of as-cast Mg-Gd alloys with 1 wt.%, 5 wt.%, 10 wt.% and 15
wt.% of Gd

In this investigation the La/Mg and Ce/Mg ratios determined by SEM- EDS analysis were not
accurate for the intermetallic phase identification, due to two main factors, the size of the
intermetallic and eutectic phases and the contribution of the matrix. Nevertheless the results of
X-Ray diffraction analyses in the next section will use for the identification of the intermetallic

phases. For Gd/Mg ideal ratio of the MgsGd intermetallic phase could be observed in the four

binary alloys.



Table 4.9 EDS analyses of the selected points of the as-cast Mg-Ce, Mg-La,

Mg-Gd binary alloys

Alloy Location | Ce (at.%) | O (at.%) | Si (at.%) | Ca(at.%) | Mg (at.%)
A 2.45 - 0.12 - 97.43
Mg1Ce B 1.44 - 1.31 - 97.25
C 0.75 - 0.16 - 99.09
A 3.00 0.10 0.10 - 96.80
Mg5Ce B 3.82 1.09 0.24 - 94.86
C 0.10 0.74 0.44 - 98.72
A 4.49 1.07 - - 94.44
Mg10Ce B 5.14 1.13 - - 93.73
C 0.20 0.75 - - 99.05
A 4.56 0.93 - - 94.51
Mg15Ce B 6.81 1.08 - - 92.11
C 0.07 0.75 - - 99.18

Alloy Location | La (at.%) | O (at.%) | Si(at.%) | Ca(at.%) | Mg (at.%)
A 3.59 1.14 0.09 - 95.18
MgiLa B 3.39 1.02 0.10 - 95.50
C 0.02 0.73 0.07 0.08 99.10
A 3.26 1.09 0.13 - 95.52
Mg5La B 3.03 1.02 0.13 - 95.82
C 0.01 0.85 0.08 - 99.06
A 6.13 19.64 1.24 - 72.70
Mg10La B 3.29 0.78 0.12 - 95.82
C 0.01 0.45 0.03 - 99.50
A 3.77 10.03 8.54 - 77.66
Mg15La B 3.21 1.07 0.12 - 95.61
C 0.06 0.55 0.07 - 99.32

Alloy Location | Gd (at.%) | O (at.%) | Si(at.%) | Ca(at.%) | Mg (at.%)
A 5.53 0.91 0.43 - 93.13
B 12.52 4.55 0.72 - 82.22
e C 0.40 0.53 0.08 - 98.99
D 0.14 0.56 0.17 - 99.13
A 13.62 2.10 0.03 - 84.26
B 15.99 3.90 0.12 - 79.98
MgdGd ¢ 0.86 0.61 0.03 : 98.50
D 0.11 0.54 0.09 - 99.26
A 14.36 - 0.12 - 85.52
B 11.23 23.86 0.09 - 64.81
Mg10Gd —¢ 3.61 : 0.06 : 96.34
D 0.76 0.02 0.06 - 99.17
A 13.71 1.11 0.14 - 85.03
B 13.72 1.45 0.15 - 84.68
Mg15Gd —¢ 2.42 0.69 | 004 | 005 | 96.81
D 2.35 0.73 0.10 0.06 96.77
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b) X-Ray diffraction (XRD)

Figure 4.15 shows the X-ray diffraction patterns from the as-cast Mg-Ce, Mg-La and Mg-Gd
binary alloys. Four concentrations with 1, 5, 10 and 15 wt. % of Ce, La and Gd, respectively
were measured in each alloy. The diffraction pattern of the four Mg-Ce alloys showed peaks that
correspond to a-Mg and with additions from 5 wt. % Ce, the Mg4;Ce, phase was identified.

While for the Mg-La system two phases were identified a-Mg and Mgq7La, phase. The diffraction
patterns from Mg-Gd system suggested the presence of a-Mg and the intermetallic MgsGd
phase. These results were consistent with analysis of the casted and heat treated Mg-RE-

Intermetallics.
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4.3.1.2 Evaluation of the corrosion behaviour

a) Open circuit potential (OCP)

Increasing the amount alloying additions also modified the electrochemical properties of the
binary alloys. The open circuit potential (OCP) of the binary alloys is shown in Figure 4.16.
Compared to pure Mg all alloys show a relatively more active potential at the beginning of the
test. The OCP measurements for Mg-Ce system is shown in Figure 4.16 (a). The OCP of
Mg1Ce shifted to more stable potential value of -1667 mV after immersion of 1200 s but is
increasing still slowly. Also the OCP of Mg5Ce was not stable during the test and after 30
minutes it shifted to a nobler potential of —1578 mV. The of Mg10Ce and Mg15Ce changed
rapidly during the initial period of immersion (0-160 s) to more stable potentials of -1550 mV for
Mg10Ce and -1562 mV for Mg15Ce and remained stable until the end of the test.

For the Mg-La system the OCP values are displayed in Figure 4.16 (b). The OCP of Mg1La
shifted more rapidly towards a noble potential value within the first 1000 s of immersion
afterwards the increase slowed down reaching finally -1586 mV at the end of the test. The OCP
of Mg5La (-1589 mV), Mg10La (-1566 mV) and Mg15La (-1561 mV) reached nobler potentials
after immersion for 200 s and remained stable during the rest of the test.

The OCP measurements for Mg-Gd system are illustrated in Figure 4.16 (c¢). The OCP of
Mg1Gd, Mg5Gd, and Mg10Gd shifted to less active potentials of -1716 mV, -1603 mV and -
1581 mV respectively after immersion for 1800 s. Only the Mg15Gd alloy reached stable

conditions (after 900 s) and the potential remained at -1581 mV.
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Summarising microstructural analysis and OCP, the following trends can be observed:

e The initial potential values are lower compared to pure Mg when RE elements are
added.

e The final potential values (Table 4.10) depend on the amount of intermetallics which are
forming (compare chapter section 4.3.1.1).

e The more intermetallics present in the alloy the faster stable conditions are reached.

e If the intermetallics are present in larger amounts (Mg-XCe, Mg-XLa and Mg15Gd) the
final potentials are more noble than pure Mg. Solid solution alloys (Mg1Gd, Mg5Gd and
Mg10Gd) do reach potentials closer to Mg

In the next section the effect of increased alloying element on the corrosion rates will be

reported for each of these systems.

b) Potentiodynamic polarisation measurements

Figure 4.17 illustrates the potentiodynamic polarisation measurements for the Mg-RE binary
alloys. For Mg-Ce alloys (Figure 4.17 a), additions of 1 wt. % Ce shifted the corrosion potential
(Ecorr) With respect to the corrosion potential of pure Mg (-1586 mV) to less active values (AE=18
mV). The addition of 5 wt. % Ce generated a slightly higher potential difference (AE= 25 mV)
and the addition of 10 and 15 wt. % resulted in the largest potential differences AE of 102 mV
and 98 mV respectively.

For Mg-La alloys (Figure 4.17 b) the corrosion potential values shifted to nobler values as soon
as the concentration of La increased and the amount of the intermetallics is increased. For this
system a large displacement in the corrosion potential with respect to the corrosion potential of
pure Mg was observed. The corresponding AE values are 4, 55, 96 and 121 mV (see Table
4.10).

For the Mg-Gd alloys (Figure 4.17 c), additions of 1 wt% Gd shifted the corrosion potential (Ecor)
to more negative value AE= -58 mV with respect to the corrosion potential of pure Mg (-1586
mV). The addition of 5 wt. % and 10 wt. % Gd generated similar a positive potential difference of
AE= 26 mV and AE= 19 mV respectively. Alloying additions of 15wt. % Gd resulting in
precipitation of MgsGd intermetallics shifted the corrosion potential from AE to 50 mV.

This shift of E¢.r corresponds nicely with the OCP and the corrosion rate which will be shown in
the following. The icorr values of Mg-Ce alloys became larger with the increase in the Ce
amounts in the binary alloys (see Table 4.10); generating higher corrosion rates (Figure 4.18),
i.e. Mg1Ce revealed a corrosion rate value of 0.45 mm/year, while Mg5Ce, Mg10Ce and
Mg15Ce show corrosion rate values of 0.82 mm/year, 2.16 mm/year and 2.96 mm/year
respectively. Similar tendency was observed for Mg-La alloys. Mg1La and Mg5La presented
similar corrosion rate values of 0.93 mm/year and 1.14 mm/year, respectively; while for Mg10La
and Mg15La higher corrosion rate values of 2.79 and 3.48 mm/year were obtained. Opposite

behaviour was observed in the Mg-Gd system. Mg1Gd presented a corrosion rate of 0.59
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mm/year. Additions up 5 wt. % Gd increased the corrosion rate to 1.33 mm/year, but when Gd
concentration is about 10 wt. % the corrosion rate was reduced to 0.92 mm/year and also the
Mg15Gd alloy had a corrosion rate value of only 1.04 mm/year. All the three are very similar
which can be related to the small amount of intermetallics in all of them and the increasing
matrix corrosion resistance due to Gd in solid solution. In contrast La and Ce have low
solubilities in Mg and their electrochemical performances are similar. Increasing La or Ce
concentrations in the binary system, results in decreased corrosion resistance. This is
consistent with Stdholz et al. [167], which reported that alloying addition with concentration
beyond the respective solubility limits in Mg could be detrimental to corrosion resistance. There
is a clear correlation visible with the volume of intermetallic phases; the higher the higher
corrosion rate is. The corrosion resistance of Mg-Gd system showed a behaviour that is more or
less independent of the alloy concentration because the amount of intermetallics is negligible in

the selected concentration range.
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Table 4.10 Electrochemical data from open circuit potential (OCP) and potentiodynamic

polarisation measurements of the Mg-RE binary alloys in 0.5 wt.% NaCl solution

OCP iCOrr ECOrr
Alloy (mV vs. Ag/AgCl) (mA/cm?) (mV vs. Ag/AgCl) CR (mm/year)
Mg1Ce -1654 + 16 0.019 £ 0.005 -1568 £ 19 04501
Mg5Ce -1572+9 0.035 + 0.005 -1561 £ 21 0.82+0.1
Mg10Ce -1539 £ 2 0.094 + 0.05 -1484 £ 9 216+ 1.1
Mg15Ce -1546 £ 3 0.13£ 0.02 -1488 + 23 2.96 £ 0.5
Mg1Gd -1716 £ 16 0.025 + 0.002 -1644+ 18 0.59 £ 0.05
Mg5Gd -1604 + 18 0.058 + 0.02 -1560 + 37 1.33+04
Mg10Gd -1582 + 8 0.040 £ 0.004 -1567 £ 4 0.92+01
Mg15Gd -1579 £ 3 0.045 + 0.005 -1536 £ 7 1.04+0.1
Mg1La -1586 +1 0.040 + 0.006 -1582 + 17 0.93+0.2
Mg5La -1579 17 0.050 = 0.01 -1531 £ 10 114 +£0.2
Mg10La -1562 + 7 0.122 £ 0.02 -1491 + 14 2.79+04
Mg15La -1549 £ 5 0.152 £ 0.02 -1465 £ 12 348+0.4
Mg -1629 £ 6 0.030 + 0.003 -1586 + 5 0.61+0.7
4.0
B MgCe

Corrosion rate (mm/year)

1 5 10 15
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Figure 4.18 Corrosion rates diagram (calculated from the icor values) of the
Mg-RE binary alloys in 0.5 wt. % NaCl solution
¢) Electrochemical impedance spectroscopy measurements
The evolution of impedance spectra with time for the Mg-Ce alloys is shown in Fig. 4.19. The
impedance spectra of Mg1Ce alloy showed two time constants (Figure 4.19 (a), (b)). In the

equivalent circuit, Rs is the resistance of the corrosive medium, namely 0.5 wt. % NaCl solution.
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The resistance R,y and capacitance C. are the response of the oxides/hydroxides formation on
the metal surface. The film is not dense and water and corrosive species can still reach the
surface of magnesium. Thus the second time constant appears in the low frequency region.
This is the initiation of the corrosion process and is attributed to the existence of the double-
layer capacitance at the metal/electrolyte interface, Cy and corresponding resistance, Rc;. For
the quantitative estimation of the corrosion protective properties of the oxides/hydroxides film,
experimental impedance spectra were fitted with the equivalent circuit, schematic representation
and physical interpretation of which are shown in Figure 4.22. Constant phase elements (CPE)
instead of pure capacitances were used in all fittings presented in the work, since the CPE
elements are considered for a not ho