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Abstract 

Mg-Al-Ca alloys have a dual phase microstructure comprising a soft α-Mg phase reinforced 

with a hard intermetallic interconnected Laves phase skeleton. The excellent creep properties 

of these alloys are attributed to the presence of Laves phases in the microstructure. However, 

it is not entirely clear how the amount, type, and morphology of the Laves phases can affect 

the elevated temperature tensile and creep properties of these alloys. Furthermore, the two 

mechanically and crystallographically different phases (α-Mg and Laves phases) provide an 

opportunity to study the co-deformation behaviour of such heterogeneous materials. This 

thesis, therefore, focuses on the two main aspects: i) effect of Laves phases on the mechanical 

properties of Mg-Al-Ca alloys and ii) co-deformation of metallic and intermetallic phases.  

The Ca/Al ratio can be used to manipulate the amount, type, and morphology of Laves phases. 

Therefore, three different Mg-Al-Ca alloys with varying Ca/Al ratio (Ca/Al: 0.32, 0.62 and 

1.03) were produced. The alloys were microscopically and mechanically investigated using 

SEM, EDS, EBSD, micro-hardness, tensile and creep testing. The results show that an increase 

in Ca/Al ratio from 0.32 to 1.03 results in a higher volume fraction of Laves phase in the as-

cast microstructure, higher yield strength, UTS and better creep properties at a temperature of 

170 °C. However, the alloy with the highest Ca/Al ratio exhibits lowest ductility.  

The co-deformation mechanisms of the same Mg-Al-Ca alloys were studied using DIC, quasi 

in-situ tensile deformation in SEM (at 170 °C), EBSD, and TEM. The strain maps obtained 

from DIC experiments showed that the strain is highly heterogeneous at the microstructural 

level and tends to concentrate along slip lines and twins in the α-Mg phase and along the α-

Mg/Laves phase interfaces. Moreover, it was found that cracks preferentially nucleate in the 

Laves phase at the intersections of slip in the α-Mg and Mg-Laves phase interfaces as well as 

at the intersections of twins in the matrix and Mg-Laves phase interfaces. Consequently, cracks 

in the Laves phase were mainly observed in microstructural regions that underwent significant 

basal slip and tensile twinning. Euler number analysis also confirmed that the interconnectivity 

of the Laves phase decreases with deformation because of cracking. In addition to cracks in the 

Laves phase, slip transfer was also observed in the (Mg,Al)2Ca phase at strain concentration 

points.  

Atomistic simulations of the Mg/Mg2Ca system confirmed that dislocation slip in the Mg2Ca 

phase was triggered by the interaction of basal dislocation of the Mg matrix with the interface. 
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However, the slip transfer mechanisms across the Mg/Mg2Ca interface were affected by 

temperature and orientation relationship between both phases. In line with atomistic 

simulations, basal slip lines in the (Mg,Al)2Ca phase were also observed at strain concentration 

points in deformed alloys investigated using SEM and TEM. The co-deformation mechanism 

based on experimental results is proposed within this thesis.  

Finally, nanoindentation with constant and variable strain rate was conducted to determine the 

mechanical properties and thermally activated deformation mechanisms of the individual 

phases in Mg-Al-Ca alloys. It was observed that the hardness of the α-Mg phase decreases with 

temperature while that of the Laves phases stays constant until 200 °C. The strain rate 

sensitivity, m, was nearly the same for α-Mg and α-Mg/Laves interfaces while the activation 

volume was lower for indents made across interfaces. Nanoindentation creep tests indicated 

that the creep resistance of the Mg2Ca phase is higher than that of the α-Mg phase.  

The findings of this thesis provide valuable insights for the design of creep resistant Mg-Al-Ca 

alloys by manipulating the Ca/Al ratio. Additionally, the methods involved in this thesis are 

generally applicable to study the co-deformation of multiphase alloys with mechanically 

heterogeneous microstructural components. They may, therefore, be of interest to researchers 

working on other multi-phase alloys such as dual-phase steels or titanium alloys.
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Kurzfassung 

Mg-Al-Ca-Legierungen haben eine zweiphasige Mikrostruktur, die aus einer weichen α-Mg-

Phase besteht, die durch ein hartes intermetallisches, miteinander verbundenes Skelett aus 

Laves-Phasen verstärkt wird. Die hervorragenden Kriecheigenschaften dieser Legierungen 

werden auf das Vorhandensein der Laves-Phasen im Gefüge zurückgeführt. Es ist jedoch nicht 

klar, wie der Volumenanteil, der Typ und die Morphologie der Laves-Phasen die Zug- und 

Kriecheigenschaften dieser Legierungen bei erhöhter Temperatur beeinflussen können. 

Dazwei mechanisch und kristallographisch sehr unterschiedliche Phasen das Gefüge bilden, 

besteht darüber hinaus die Möglichkeit, das Co-Verformungsverhalten solcher heterogenen 

Werkstoffe zu untersuchen. Diese Arbeit konzentriert sich daher auf die beiden Hauptaspekte: 

i) Wirkung der Laves-Phasen auf die mechanischen Eigenschaften von Mg-Al-Ca-Legierungen 

und ii) Co-Verformung von metallischen und intermetallischen Phasen.  

Das Ca/Al-Verhältnis kann verwendet werden, um den Anteil, den Typ und die Morphologie 

der Laves-Phasen zu beeinflussen. Daher wurden drei verschiedene Mg-Al-Ca-Legierungen 

mit unterschiedlichen Ca/Al-Verhältnissen (Ca/Al: 0,32, 0,62 und 1,03) hergestellt. Die 

Legierungen wurden mikroskopisch und mechanisch mittels REM, EDS, EBSD, Mikrohärte, 

Zug- und Kriechversuchen untersucht. Die Ergebnisse zeigen, dass die Erhöhung des Ca/Al-

Verhältnisses von 0,32 auf 1,03 zu einem höheren Anteil an Laves-Phasen im Gefüge im 

Gusszustand führt und eine höhere Streckgrenze, UTS und verbesserte Kriecheigenschaften 

bei einer Temperatur von 170 °C bewirkt. Die Legierung mit dem höchsten Ca/Al-Verhältnis 

wies jedoch die geringste Duktilität auf.  

Die Co-Verformungsmechanismen wurden mit DIC, Quasi-In-Situ-Zugverformung im REM 

(bei 170 °C), EBSD und TEM untersucht. Die Dehnungskarten aus DIC-Experimenten zeigten, 

dass die Dehnung auf mikrostruktureller Ebene sehr heterogen ist und dazu neigt, sich entlang 

von Gleitlinien und Zwillingen in der α-Mg-Phase und entlang der α-Mg/Laves-

Phasengrenzflächen zu konzentrieren. Darüber hinaus wurde festgestellt, dass sich die Risse in 

der Laves-Phase bevorzugt an den Schnittpunkten von basalen Gleitlinien und 

Verformungszwillingen in der α-Mg-Matrix mit der Laves-Phase ausbilden. Folglich 

konzentrierten sich die Risse in der Laves-Phase in Gefügebereichen, die signifikante basale 

Gleitung und die Bildung von Zugzwillinge aufwiesen. Die Eulerzahl-Analyse bestätigte auch, 

dass die (Inter-)Konnektivität der Laves-Phase mit der Verformung aufgrund von Rissbildung 
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abnimmt. Zusätzlich zu den Rissen in der Laves-Phase wurde auch Versetzungsgleiten in der 

(Mg,Al)2Ca-Phase an Dehnungskonzentrationsbereichen in der Mikrostruktur beobachtet.  

Atomistische Simulationen (am Mg/Mg2Ca-System) bestätigten, dass Versetzungsgleuten in 

der Mg2Ca-Phase an Stellen ausgelöst wird, an denen die basalen Mg-Gleitlinien mit der 

Grenzfläche interagieren. Die Übertragungsmechanismen von Versetzungsgleiten über die 

Mg/Mg2Ca-Grenzfläche wurden jedoch von der Temperatur und der Orientierungsbeziehung 

zwischen den beiden Phasen beeinflusst. In Übereinstimmung mit atomistischen Simulationen 

wurden basale Gleitlinien in der (Mg,Al)2Ca-Phase auch an Dehnungskonzentrationspunkten 

in verformten Legierungen beobachtet, die mit REM und TEM untersucht wurden. Ein auf 

experimentellen Ergebnissen basierende Co-Deformationsmechanismus wird in dieser Studie 

ebenfalls vorgeschlagen. 

Schließlich wurden mit Hilfe von Nanoindentationstests mit konstanter und variabler 

Dehnungsrate die mechanischen Eigenschaften und thermisch aktivierten 

Verformungsmechanismen der einzelnen Phasen bestimmt. Diese Arbeit berichtet, dass die 

Härte der α-Mg-Phase mit der Temperatur abnahm, während die der Laves-Phase zumindest 

bis 200 °C gleich blieb. Die Dehnratenempfindlichkeit, m, war für die α-Mg- und α-Mg/Laves-

Grenzflächen nahezu gleich, während das Aktivierungsvolumen bei Eindrücken über 

Grenzflächen geringer war. Nanoindentations-Kriechversuche zeigten, dass die 

Kriecheigenschaften der Mg2Ca-Phase viel besser waren als die der α-Mg-Phase.  

Die Ergebnisse dieser Studie liefern somit wertvolle Erkenntnisse für das Design von 

kriechfesten Mg-Al-Ca-Legierungen durch Manipulation des Ca/Al-Verhältnisses. Darüber 

hinaus sind die Methoden dieser Studie allgemein auf die Untersuchung der Co-Verformung 

in mehrphasigen Legierungen mit mechanisch heterogenen Gefügekomponenten anwendbar. 

Sie können daher auch für Forscher interessant sein, die in anderen metallurgischen Bereichen 

arbeiten, wie z. B. in Dualphasenstählen oder Titanlegierungen. 
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1. Introduction and Motivation 

Improving the fuel economy and reducing harmful greenhouse gas emissions are two of the 

most important challenges that the automotive industry encounters today. Mg, being the 

lightest structural metal has a density of ~1.74 g/cm3
  [1], thus has enormous potential for usage 

in automotive sector. This is because the reduction of the vehicle weight is one way to 

efficiently reduce harmful emission [2].  

The AZ or AM series are among the most widely used Mg alloys in the automotive industry 

and, therefore, a lot of research has been done to explore and improve their microstructure, 

recrystallisation and mechanical behaviour [3-8]. However, the application temperature of 

these alloys is limited to 125 °C [1]. This is because the Mg17Al12 intermetallic phase, that acts 

as a reinforcement phase in these alloys, softens at elevated temperatures (~ > 130 °C) and thus 

results in inferior creep properties [9, 10].  

Rare earth (RE, like Y, La, Gd) element or Ca addition to conventional Mg-Al alloys can 

improve the creep behaviour since the formation of the Mg17Al12 phase fraction is reduced and 

the formation of more thermally stable intermetallics is enhanced [10-15]. Particularly Ca is 

favoured because of its availability and cost effectiveness as compared to RE based additives. 

Addition of about 2 wt. % calcium to AM60 results in a complete suppression of the Mg17Al12 

phase and the formation of only Al2Ca as reinforcement phase in the as-cast alloy [10]. Al2Ca 

belongs to the class of Laves phases, which are known for their high temperature properties. 

There are two other Laves phases present in the Mg-Al-Ca alloy system, the (Mg,Al)2Ca and 

Mg2Ca Laves phase [16]. These intermetallic Laves phases are much harder [17, 18] and 

stronger than the α-Mg matrix [19]. These phases also have high melting points, i.e. Mg2Ca: 

715 °C and Al2Ca: 1079 °C [17] and high thermal stability [10] when compared to the Mg17Al12 

phase present in commercial Mg-Al alloys. However, the excellent mechanical and physical 

properties of these phases are accompanied by ab inherent brittleness at the bulk scale. This 

inherent brittleness of the Laves phases limits the possibility of studying the deformation 

mechanisms at the bulk scale, especially at low temperatures or below their ductile to brittle 

transition temperatures. In contrast to bulk scale investigations, plasticity is reported and 

observed for small-scale testing of several Laves phases [20-22] even at room temperature. The 

strut thickness of the Laves phases in the Mg-Al-Ca alloys is within the range of a few 

micrometres (sometimes a few hundred nm’s only). Therefore, from the deformation point of 

view, it is of high importance to understand the co-deformation behaviour of these Laves 
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phases with the α-Mg matrix. The present work is therefore dedicated to study the deformation 

behaviour of ternary Mg-Al-Ca alloys.      

1.1 Objectives and research questions 

The main objective of the present work is to study the co-deformation behaviour of the metallic 

and intermetallic phases present in the Mg-Al-Ca alloys. To address this aim, the following 

research questions were explored and addressed in this study. 

1. What are the effects of different Laves phases, their volume fraction, morphology, and 

distribution on the mechanical properties of Mg-Al-Ca alloys? Publication 1 

2. How is the strain distributed at the microstructural scale in Mg-Al-Ca alloys during 

elevated temperature tensile deformation? Publication 2 

3. How do micro cracks nucleate in the Laves phase and how does the matrix orientation 

influence the crack nucleation in the Laves phase? Publication 2 

4. How does the Laves phase deform plastically in the Mg-Al-Ca alloys and which slip 

transfer mechanisms occur from the soft α-Mg matrix to the hard Laves phase? 

Publications 3 and 4 

5. What is the effect of the orientation relationship between the α-Mg matrix and the Laves 

phase on the slip transfer mechanisms? Publications 3 and 4   

6. How does temperature affect the mechanical properties of the individual phases present 

in Mg-Al-Ca alloys? Publication 4      

Table 1 contains the list of publications addressing the above-mentioned research questions. 

Table 1. Publications included in the thesis 

 Publication title Journal Chapter 

No. 

Publication 1 On the role of Laves phases on the mechanical 

properties of Mg-Al-Ca alloys 

Materials 

Science and 

Engineering: 

A 

5 

Publication 2 Strain heterogeneity and micro-damage 

nucleation under tensile stresses in an Mg–

5Al–3Ca alloy with an intermetallic skeleton 

Materials 

Science and 

Engineering: 

A 

6 

Publication 3 Exploring the transfer of plasticity across 

Laves phase interfaces in a dual phase 

magnesium alloy 

Materials 

and Design 

7 
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Publication 4 Co-deformation Between the Metallic Matrix 

and Intermetallic Phases in a Creep-Resistant 

Mg-3.68Al-3.8Ca Alloy 

Materials 

and Design 

8 

 

 The topics/research questions addressed in each publication are presented in Figure 1 and Figure 2. 

 

Figure 1. The deformation behaviour and mechanical properties of Mg-Al-Ca alloys at macro and microscopic scale.  
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Figure 2. Co-deformation of α-Mg matrix and Laves phase in Mg-Al-Ca alloys. 
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2. Fundamentals 

The microstructure of Mg-Al-Ca alloys consists of the α-Mg matrix and an interconnected 

Laves phase skeleton. As both phases have very different crystal structure and mechanical 

properties, they will be described separately before explaining in detail the microstructure, 

deformation mechanisms and peculiar characteristics of Mg-Al-Ca alloys.   

2.1. Mg-Introduction 

Mg has a hexagonal lattice and deforms mainly by basal slip {0001}<112̅0> and tensile 

twinning {101̅2}<101̅1>. In addition, the following deformation mechanisms have been 

reported: i) prismatic slip {101̅0}<112̅0> , ii) first order pyramidal slip {101̅1}<112̅0>, 

{101̅1}<112̅3>, iii) second order pyramidal slip {1122̅}<112̅3>, and iv) compression twinning 

{101̅1}<101̅2>. 

The activation of a particular glide system depends on several factors such as the direction of 

the applied load, slip plane, slip direction and the CRSS value. In terms of tensile or 

compressive loading, this relationship is best expressed in terms of Schmid’s law, which relates 

the resolved shear stress to the applied stress via Equation 1:   

τ =  σ ∙ cosΦ ∙ cosλ Equation 1 

With 𝜏 being the resolved shear stress, 𝜎 the applied tensile stress, 𝛷 the angle between the 

tensile force and the normal to the slip plane and 𝜆 the angle between the tensile force and the 

slip direction.   

The product of cosine 𝛷 and cosine 𝜆 is termed as Schmid factor, mS, and varies between 0 and 

0.5. A higher value of mS indicates a favourable orientation for the activation of a particular 

slip system. The plastic deformation on a particular slip system commences when 𝜏 approaches 

a critical value on that slip system. This 𝜏crit is known as CRSS.  

The CRSS required to activate basal slip and tensile twinning at room temperature in Mg and 

Mg alloys is very low when compared to the other modes of deformation, Figure 3:. 
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Figure 3. (a) CRSS for various slip system at room temperature for pure Mg, (b) variation of CRSS with temperature. 

Values of basal slip were extracted from [23, 24], prismatic slip from [25, 26], pyramidal slip from [25, 27, 28], tensile 

twinning from [29, 30]. 

It can be seen in Figure 3 (a) that the CRSS for prismatic and pyramidal slip is nearly two 

orders of magnitude higher than that for basal slip and a few times higher than that for tensile 

twinning. This renders basal slip and tensile twinning the mainly activated slip systems in Mg 

and its alloys at room temperature. The CRSS values are affected by temperature and the CRSS 

values of prismatic and pyramidal slip decreases considerably with temperature (see Figure 3 

(b)). Further, the CRSS values are also affected by the composition [23, 26, 31, 32]. 

2.1.1. Basal slip in Mg 

It can be seen from Figure 3 that basal slip is the easiest deformation mechanism in magnesium. 

There are three slip directions on the {0001} basal planes. The Burgers vector of these 

dislocations is  
1

3
< 112̅0 > also named <a> type. These perfect basal <a> dislocations can 

also dissociate into two Shockley partials with the Burgers vector 
1

3
< 101̅0 >. These partial 

dislocations bound a stacking fault with ABC (FCC) stacking sequence. Values for the stacking 

fault energy, γ, (for the I2* type basal fault) in Mg are in the range of 30 to 40 mJm-2 [33, 34]. 

However, basal <a> slip offers only two independent basal slip systems not fulfilling the 

minimum requirement of activating five independent slip systems for any arbitrary shape 

change [34].  

*There are different types of stacking faults in Mg, i.e., two intrinsic labelled as I1 and I2, while 

one extrinsic commonly called as E. Further details are available in [33].  
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2.1.2. Non-basal slip of <a> type dislocations 

Screw dislocations with an <a> Burgers vector can cross-slip from the basal to the prismatic 

planes [35] and in some cases to the first order pyramidal planes. Prismatic and pyramidal slip 

with <a> type dislocations can provide two and four independent slip systems, respectively, in 

addition to the two independent basal slip systems. However, no strain along the c-axis can be 

accommodated by <a> type dislocations [34].  

It should also be noted that the CRSS for prismatic <a> slip is significantly higher than basal 

<a> slip at room temperature (see Figure 3 (a)). This is because <a> dislocations in Mg are 

dissociated, hence, hindering the cross-slip of screw dislocations from the basal to prismatic 

planes. The difference decreases with temperature (Figure 3 (b)). In case of polycrystals, the 

plastic anisotropy can create compatibility effects that can promote prismatic <a> slip [36]. 

Prismatic <a> slip was observed in several Mg alloys at room temperature and the activation 

of prismatic slip appears to be easier than for single crystals [37, 38].  

 

2.1.3. Non-basal slip of <c+a> type dislocations 

Slip on pyramidal planes with <c+a> dislocations was reported by several researchers [39-46]. 

<c+a> dislocation and deformation twinning are the only deformation mechanisms that can 

accommodate deformation along the c axis. Therefore, the activation of <c+a> dislocation slip 

is considered as one of the most effective ways to increase the ductility of Mg alloys [39, 40, 

44, 45, 47]. <c+a> dislocations can be activated by decreasing the grain size where c+a> 

dislocations can be activated due to high stress concentrations at the grain boundaries [43, 45]. 

Another assumption how <c+a> dislocations can be activated lies in the manipulation of 

stacking fault energies ( I1 in particular but also I2 type faults) by suitable alloying additions 

like rare earth (Y, Gd etc) and Ca [39-42, 44, 47].  

2.1.4. Deformation twinning  

Deformation twinning is a shear deformation process in which a part of the crystal is shifted 

into a mirror-symmetry with the matrix phase. Twinning generally occurs in one direction and 

mostly not in the opposite direction. {101̅2}<1̅011> twinning is usually activated under tensile 

stresses but is restricted under compressive stresses along the <c> direction or c-axis. It is also 

called extension twinning (ET) since it results in an extension along the c-axis. {101̅1}<101̅2̅> 

compression twinning on the other hand is activated under the action of compressive stresses 
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along the c-axis [48]. In Mg and its alloys, extension twinning is easily activated because of its 

low CRSS (see Figure 3). In ET, the angle between <112̅0> of the parent and twinned crystal 

amounts to ~86.2°. This is schematically shown in the Figure 4. K1 is the first invariant (shear) 

plane and K2 is the second invariant (or conjugate) plane. This is the plane that changes its 

orientation during shearing and the displacement of the K2 plane after twinning defines the 

shear which occurs during twinning [34].  

 

Figure 4. {101̅2} twin in Mg along the plane twinning K1. K2 is the (conjugate) twinning plane. The figure is reproduced 

from [49].   

 

Compression twinning generally requires high stresses to be activated. In the as-cast Mg-Al-

Ca alloys investigated in this thesis, predominantly extension twinning is observed, therefore, 

compression twinning will not be discussed in detail. In polycrystals, twins tend to nucleate at 

grain boundaries triggered by stress concentrations [50-52]. In permanent mould cast Mg-Al-

Ca alloys, an intragranular (in addition to intergranular) Laves phase skeleton is present 

throughout the α-Mg matrix. This Laves phase skeleton is considered to block dislocation 

motion in the α-Mg matrix and the interfaces can act as sources for twin nucleation in the Mg 

matrix similar to grain boundaries. Once a twin is nucleated, a considerable redistribution of 

stresses occurs. Specifically, forward stresses are induced at the twin tip and backward stresses 

in the interior of the twin [34, 52-54]. The back stresses are lower in the middle of the twin 

than at the ends leading to lenticular shaped twins. Crack nucleation was also observed at 

locations where twins were intersecting with the grain/phase boundaries or at twin boundaries 
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[55-58]. Lenticular shaped twins formed in the α-Mg matrix in a Mg-Al-Ca alloy are 

highlighted in Figure 5. Crack nucleation in the Laves phase at the twin intersection points can 

be seen in the Figure 5.  

 

Figure 5. (a) SE micrographs of the Mg-4.65Al-2.82Ca alloy after 5 % deformation at 170 °C, unit cells in (a) show the 

orientation of parent and twinned crystal, (b) is the magnified view of the microstructural region highlighted by a blue 

rectangle in (a), (c) and (d) show the inverse pole figure (IPF) maps from normal direction (Z) and from the Y axis 

respectively.  

2.2. Laves Phases  

Laves phases are one of the most prominent classes of intermetallic compounds with AB2 

stoichiometry. Combinations of metals spanning over nearly the complete periodic table can 

form Laves phases [21, 59-61]. These phases usually have three different structure types, i.e. 

C14, C15, and C36 [59]. 

2.2.1. Stacking sequences of Laves phases 

The close packing of all types of Laves phases is attained from the formation of quadruple 

layers. These quadruple layers consist of alternating layers of single and triple layers. The 

single layers are comprised of small atoms forming a Kagome net. The Kagome net (a two-

dimensional structure comprised of alternating hexagons and triangles) is shown in Figure 6 

(a) and (b) [62, 63].  
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Figure 6. (a) and (b) Kagome net formed by small atoms in a Laves phase, (c) triple (t) layer with a stacking sequence of 

αcβ, (d) triple (t´) layer with a stacking sequence of αbγ. The images are recreated using data presented in [62, 63].   

The triple layers consist of L-S-L (denoting large-small-large atoms) sandwiches that are 

formed above the single layers in such a way that the large atoms fill the A lattice points (Figure 

6 (b)) shown by α in Figure 6 (c). The small atoms (denoted by c) take the c positions followed 

by the large atoms denoted β in Figure 6 (c). Such type of stacking sequence is conventionally 

termed as X and if a triple layer of t´ variant is present at point A the quadruple layer stacking 

sequence is termed X´. The next quadruple layer can then be Y or Y´ having the stacking 

sequence of Bβaγ or Bβcα. Depending on the repetition of these quadruple layers the three 

variants of Laves phases are 

1) XY´XY´….. -2H- C14 

2) XYZXYZ...  -3C-C15 

3) XY´X´Z….  -4H-C36 
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Figure 7. Unit cells of (a) Mg2Ca phase (C14), b) Al2Ca phase (C15) and c) Al1.34Mg0.66Ca phase (C36). The legends 

show the colours of the atoms and crystallographic directions. The images were created using VESTA [64]. 

The respective unit cells of these Laves phases are presented in Figure 7 using the system Mg-

Al-Ca as example. The unit cell of the C36 phase is nearly twice as large as the C14 phase in 

c direction.  

A more extended view of the Laves phase type is given in Figure 8. The triple layer of L-S-L 

atoms in C14 and C36 Laves phases are highlighted using red oval shapes.  

 

 

Figure 8. Stacking sequences of (a) C14, (b) C15 and (c) C36 Laves phases. The c axis is pointing upwards in vertical 

direction. Please note that the black and white direction legend is for the C14 and C36 phases. The C15 phase is cubic 

and to accurately demonstrate the triple layers, it is presented along the direction represented by the coloured legend. 

The images were created using VESTA [64].  

Further details related to these the structure of Laves phases can be found in [63].  
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2.2.2. Deformation mechanisms and mechanical properties of Laves phases 

The deformation mechanisms and mechanical properties of Laves phases were first studied in 

detail by a group of scientists around Paufler and Schulze in Dresden, Germany [18]. The work 

of this group has been summarised rather recently by Paufler et al. [18, 65]. In Laves phases, 

plastic deformation occurs by dislocation slip and deformation twinning. The most common 

and widely reported mechanism of slip in Laves phase is via the synchroshear process [66].  

2.2.2.1. Synchroshear deformation or transformation mechanism 

Within the triple layers, the planes of large and small atoms are closely spaced by a distance of 

around ~0.05 nm, which is much smaller than the atom size. However, as can be seen in Figure 

8, none of the planes are closely packed. Therefore, the shear of one plane over another occurs 

via double shear or the so called synchroshear mechanism [63, 66] which is explained in the 

following. 

Synchroshear deformation occurs within the triple layer. If the lower layer of large atoms 

within the triple layer is stationary, the small atoms (see Figure 9) can only move along either 

of the directions: -b1,-b2 or -b3. However, this is only possible if the large atoms also move 

synchronously along their respective -b1,-b2 or -b3 direction, relative to the small atoms. This 

means for synchroshear, the c and β atoms must move together. This type of synchroshear 

movement within the triple layer thus converts a t type layer into a t´ layer [63]. These 

synchronised movements of small and large atoms can be conveniently explained by the 

movement of two Shockley partial dislocations on two adjacent planes. These two Shockley 

partials are closely coupled due to energetic reasons. Thus, the pair of Shockley dislocations, 

is considered as a single synchro-Shockley partial dislocation having its core spread on two 

adjacent planes [66, 67]. The movement of this synchro-Shockley partial dislocations is 

responsible for phase transformations (shear and stress induced), slip and twinning in the Laves 

phases [63, 66, 68]. 
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Figure 9. (a) Unit cell projected on (0001) for the C14 and C36 phases and on (111) for the C15 phase, (b) stacking 

sequence in the triple layer, t. The images were recreated using data presented in [63]. 

2.2.2.2. Deformation behaviour of Mg based Laves phases 

The inherent brittleness of Laves phases limits the possibility to study the bulk mechanical 

behaviour of Laves phases at temperature below ~0. 6𝑇𝑚 (ductile-brittle transition temperature) 

[69]. A way to study the deformation mechanisms at temperatures below 0. 6𝑇𝑚 is possible 

using micro-pillar compression [20], nanoindentation or hardness testing [17, 70]. Since the 

application temperature of Laves phase containing Mg-Al-Ca alloys is limited to around 

200 °C, it is important to understand their deformation behaviour at temperatures below 0. 6𝑇𝑚. 

Kirsten et al. [70] studied the deformation behaviour and mechanical properties of MgZn2 and 

Mg2Ca Laves phases using Brinell hardness tests. They found that the hardness of the MgZn2 

phase is nearly unaffected by temperature below the transition temperature (0.61𝑇𝑚), while 

the hardness of the Mg2Ca phase was only mildly affected until 0. 59𝑇𝑚. After the transition 

temperature the hardness abruptly dropped for both phases. They [70] also reported 

deformation by prismatic slip at room temperature for the Mg2Ca phase and by basal slip for 

the MgZn2 Laves phase below the transition temperature. Further, the anisotropy of the 

hardness for various orientations of hexagonal based Laves phases was also reported by Kirsten 

et al. [18, 71]. The variation of microhardness with crystal orientation for Mg2Ca is summarised 

in Table 2. 

  Table 2. Microhardness variation with orientation [18, 71]. 

Compound Planes HM, GPa  

Mg2Ca (0001) 2.23 ± 0.06 

(101̅0) 2.13 ± 0.06 
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(112̅2) 1.96 ± 0.06 

(101̅1) 1.87 ± 0.06 

 

Moreover, data pertaining to the mechanical properties of Laves phases present in Mg-Al-Ca 

alloys is very limited i.e., Brinell hardness variation with temperature [70] or microhardness 

variation with orientation [18, 71]. Further, there is one more study by Rokhlin et al. [17], who 

reported variation in the microhardness with temperature for Mg2Ca and Al2Ca Laves phases 

after different holding times. The data is shown schematically in Figure 10. There is almost no 

data on the CRSS at low temperatures for various slip systems except one recent study by 

Zehnder et al. [20] on Mg2Ca (see section 2.3.5 and Figure 14).  

 

Figure 10. Variation of hardness with temperature and holding time for Mg2Ca and Al2Ca Laves phases as reported 

by Rokhlin et al. [17]. 

Also, no data on the mechanical properties of the C36 phase present in Mg-Al-Ca alloys are 

available to the author’s best knowledge. However, the determination of the mechanical 

properties of each Laves phase over a range of temperature (from RT to 200 °C) is vital in 

completely understanding the deformation behaviour of these alloys and requires more research 

in the future.  
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2.3. Mg-Al-Ca alloys 

2.3.1. Solidification behaviour of Ca containing Mg-Al alloys 

Suzuki et al [72] studied a very wide range of Mg-Al-Ca alloys and found that the liquidus 

temperature of these alloys decreases with the additions of Ca and Al. In alloys having 

relatively low Al and Ca contents (for example in alloys with nominal compositions of Mg-

3.6Al-3.7Ca, Mg-5Al-3Ca, Mg-8Al-3Ca), the α-Mg phase solidifies first as the primary phase. 

The actual liquidus temperature varies with alloy composition. Solidification is terminated by 

the formation of either C36, C14 or A12 (Mg17Al12) phase through a eutectic reaction 

depending on the composition, i.e., the content of Al and Ca and the Ca/Al ratio. Liang et al. 

[73] also studied the solidification behaviour of AZ91 and AM50 alloys with different Ca 

additions. They also reported that with increasing Ca/Al ratio, the Ca containing intermetallic 

Laves phases change from C15 to C36 and C14. 

2.3.2. Microstructure of as-cast Mg-Al-Ca alloys  

 

The evolution of phases in the microstructure of ternary Mg-Al-Ca alloys is determined by the 

i) Al content [74-76], ii) Ca content [10, 12] and iii) Ca/Al ratio [74, 77]. In addition to that, 

the contents of the alloying elements as well as the Ca/Al ratio determines the amount (volume 

fraction), type (C14, C15 or C36), distribution and morphology (discontinuous, partially 

connected or fully connected skeleton) of the intermetallic reinforcing Laves phase. The effect 

of alloying elements on the type of reinforcing intermetallic Laves phase present in Mg-Al-Ca 

alloys is reported in Table 3.   

 Table 3. Effect of alloying elements and Ca/Al ratio on the type of secondary phase/s formed.   

Alloy composition Method of phase 

determination 

Secondary Phase/s 

Al Ca Sr/Zn Mn Mg Ca/Al 

4.52 2.98 0.14 0.25 Balance 0.66 TEM C36 [78] 

2 3 - - Balance 1.5 SEM, TEM, TA* C14 [72] 

5 3 - - Balance 0.6 SEM, TEM, TA* C36 & C14 [72] 

8 3 - - Balance 0.38 SEM, TEM, TA* C36 [72] 

9.05 - 1.08 0.41 Balance 0 TA*, SEM Mg17Al12 [73] 

9.09 2.05 1.0 0.32 Balance 0.23 TA*, SEM Mg17Al12 and C15 [73] 
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5.1 - - 0.3 Balance 0 TA*, SEM Mg17Al12 [73] 

5.32 0.62 - 0.28 Balance 0.12 TA*, SEM Mg17Al12 and C15 [73] 

5.11 1.63 - 0.32 Balance 0.32 TA*, SEM C36 [73] 

5.37 2.89 - 0.3 Balance 0.54 TA*, SEM C14 and C36 [73] 

3.68 3.99 - 0.02 Balance 1.08 SE, TEM C14 and C36 [79] 

6 0.5 - 0.3 Balance 0.08 XRD, SEM Mg17Al12 [10] 

6 1.2 - 0.3 Balance 0.2 XRD, SEM Mg17Al12 and C15 [10] 

6 2 - 0.3 Balance 0.33 XRD, SEM C15 [10] 

4.4 1.1 - 0.4 Balance 0.25 SEM C36 [80] 

2.7 3.5 - 0.4 Balance 1.3 SEM C14 [80] 

*TA: Thermal analysis 

Further it can be seen that when the Ca/Al ratio increases from 0 to 1, the type of intermetallic 

phase changes according to: A12 → C15 → C36 → C14. The effect of the Ca/Al ratio on the 

microstructure of as-cast Mg-Al-Ca alloys is summarised schematically in Figure 11. 

 

Figure 11. Effect of the Ca/Al ratio on the type of intermetallic phase formed reported in Mg-Al-Ca alloys. 

 

2.3.3. Mechanical properties of Mg-Al-Ca alloys and the influence of the Ca/Al ratio  

The yield and tensile strength of as-cast Mg-Al-Ca alloys are comparable to commercial cast 

Mg-Al alloys [1], however, these (Mg-Al-Ca) alloys exhibit significantly better creep 
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properties than commercial AM or AZ series Mg alloys at temperatures > 125 °C. [12-14, 81-

83]. An increase in Ca leads to a significant reduction in the minimum creep rates of Mg-Al 

alloys as visible in Figure 12. There is a nearly three orders of magnitude reduction in minimum 

creep rate for alloy AZX951 (AZ91 + 5 wt.% Ca) when compared to the commercial AZ91 as 

reported by Amberger et al. [13]. Similar results can be seen for AM50 (Figure 12). The better 

creep properties of Ca containing Mg-Al alloys are attributed to the interconnected, 

intermetallic skeleton of high strength Laves phases, commonly observed in these alloys. The 

precipitates in AM50 and AZ91 alloys are discontinuous Mg17Al12 phase precipitates. The 

Laves phase skeleton is an effective obstacle against plastic deformation carriers in this alloy 

[13].  

 

Figure 12. An increasing amount of Ca leads to a  reduction in the  minimum creep rate in a) AM50 alloy [83] and b) 

AZ91 alloy [13]. 

2.3.3.1. Effect of casting on mechanical properties 

The yield and ultimate strength of the as-cast alloys in tension and compression  are dependent 

on the casting method, e.g., Nakaura et al. [83] reported a yield strength of about 150 MPa for 

die-cast Mg-5.16Al-1.45Ca-0.11Sr-0.22 and Mg-5.26Al-1.63Ca-0.22Sr-0.27Mn alloys at 

room temperature. The tensile strength was also ~200 MPa and >200 MPa for both alloys, 

respectively. On the contrary, sand-cast Mg-6.3Al-3.7-Ca-0.3Mn and Mg-4.5-Al-2.0-Ca-

0.5Mn alloys exhibited yield strength of 79 ± 6 and 81 ± 5 MPa, respectively, while the tensile 

strength amounted to 116 ± 15 and 111 ± 18 MPa for the two alloys, respectively [84]. In a 

similar way, the creep properties of die-cast Mg-Al-Ca with small amounts of Sr, were much 

better than that of a permanent mould cast alloy with a similar composition (see Figure 13) 

[85].  Die-cast alloys exhibited smaller grain size and lower minimum creep rates at all stress 

levels as compared to their coarse-grained counterparts [85].  
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Figure 13. Comparison of the creep properties of permanent and die-cast Mg-5.3Al-2.6Ca-0.17Sr-0.3Mn (AXJ530) alloys 

[85]. PM stands for permanent mould cast and DC stands for die-cast alloy while A stands for aging.   

Further, it can be seen that the creep properties of die-cast AXJ530 alloy slightly improve with 

aging. This is because the aging at 573K results in the formation of needle like Al2Ca 

precipitates within the Mg matrix. These precipitates share a definite orientation relationship 

with the matrix of (111)𝐶15(0001)𝛼−𝑀𝑔, [011̅]𝐶15 [01̅10]α-Mg and are parallel to the basal 

planes of the matrix. Thus, they cannot not hinder the movement of basal dislocations. Basal 

slip is by far the most common and abundant deformation mechanism for Mg and, therefore, 

the precipitates result in only slight improvement of the creep properties of the aged AXJ530 

alloy (Figure 13). 

2.3.4. Strain distribution during deformation 

Digital image correlation (DIC) is a powerful, advanced, and relatively simple method to 

quantify the strain localisation in complex stress states during macro and microscopic loading 

[86-99]. In DIC, images before and after deformation are recorded and correlated, by 

measuring and quantifying the relative displacement of two images of the same region. The 

amount of deformation varies with position in the image because of microstructural 

heterogeneities like grain or phase boundaries, inclusions etc. In order to quantify displacement 

and consequently strain, the individual images are subdivided into smaller facets and these 

small facets are then individually correlated for the deformed and un-deformed image [87]. 

Among the most important parameters controlling the resolution of DIC strain maps are the 

speckle size, the facet size and the facet step size. Their role and importance in strain mapping 

have already been reported elsewhere [87, 100]. The microstructure of Mg-Al-Ca alloys is 
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highly heterogeneous and consists of the soft α-Mg matrix reinforced with hard interconnected 

intermetallic Laves phase skeleton (see Figure 5). So, due to the highly heterogeneous 

microstructure, strain is also expected to be non-uniform in certain microstructural regions of 

the alloys. Although strain maps for samples deformed in creep loading have been shown and 

discussed by Saddock et al. [85], the strain maps presented in this thesis are at higher resolution, 

correlated with crystal orientation and thus provide additional information. In this thesis, the 

DIC was done for samples deformed at ~170 °C in tensile loading.     

2.3.5. Co-deformation of metallic and intermetallic phases  

The CRSS values of different slip systems are much higher in the Mg2Ca Laves phase than in 

Mg (see Figure 14), i.e., specifically, the difference amounts to three orders of magnitude for 

basal slip.  

 

Figure 14. Difference between the CRSS values for basal slip, prismatic slip and pyramidal slip for Mg and the Mg2Ca 

Laves phase. The values shown are extracted from [20, 24, 25, 27]. 

However, it should be considered that the slip behaviour from experiments on single crystals 

cannot truly account for polycrystalline Mg alloys, for example, in case of Mg, the CRSS for 

basal slip is around 1/80 to that reported for prismatic or pyramidal slip systems from single 

crystal experiments. However, in polycrystalline alloys, the presence of grain boundaries [36, 

101], alloying elements [102] and precipitates [35, 103] significantly affects the deformation 

behaviour and activation of non-basal slip systems in alloys. In line with this description, the 

reported CRSS ratio between non-basal and basal slip systems in polycrystalline Mg alloys, is 

quite low (~2-3) when compared to the values obtained from testing single crystals (~80-100) 
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(Figure 14). Therefore, non-basal slip (in addition to basal slip) is readily observed in several 

Mg alloys [37, 38, 104].  

The strong microstructural and mechanical heterogeneity of Mg-Al-Ca alloys requires an in 

depth understanding of slip transfer mechanisms to understand the co-deformation behaviour 

of these alloys. Slip transfer can occur due to backstress hardening in the Mg matrix and the 

induced forward stresses on the interfaces.  

2.3.5.1. Back stress hardening and forward stresses 

If a dual phase material, like Mg-Al-Ca alloys, is subjected to tensile loading, a dislocation 

source S1 in the softer matrix is activated once the CRSS of the corresponding slip system is 

exceeded. In the case of the α-Mg phase, the initial dislocation slip is assumed to be basal slip. 

The emitted dislocations then move under the influence of the resolved shear stress, 𝜏𝑎, and 

pile up at the phase boundaries. This pile up of dislocations creates back stresses, 𝜏𝑏, on the 

dislocation source (Figure 15). The effective stress (𝜏𝑒) on the dislocation source S1 can then 

be described via Equation 2 [105]: 

𝜏𝑒 =  𝜏𝑎 − 𝜏𝑏 Equation 2 

The source emits dislocations as long as 𝜏𝑒 is higher than the critical stress required to emit 

dislocations. This means with an increasing number of dislocations in the pile-up, more stress 

is needed to emit further dislocations, this is known as back-stress hardening. Moreover, this 

pile-up of dislocations creates a strain and stress gradient within the matrix [105]. The stress is 

highest concentrated at the interface.   

The induced forward stresses on the interface are many times larger than the applied stress, 𝜏𝑎, 

and depends on the number of dislocations in the pile up, as described by Equation 3 [106, 

107]: 

𝜏𝑖 = 𝑛𝜏𝑎 Equation 3 

where 𝜏𝑖 is the stress concentration at the interface and n is the number of dislocations.  

2.3.5.2. Activation of secondary slip systems 

As mentioned in the previous section, pile ups of dislocations are associated with stress and 

strain gradients. The strain gradient will be highest at the interface and must be accommodated 
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by the nucleation of geometrically necessary dislocations (GNDs) [105]. Non-basal (<c+a> 

dislocations) GNDs around non-shearable Al2Ca precipitates in a Mg-6Al-1Ca alloy were 

observed by Zhu et al. [103]. In addition to these non-basal GNDs at the interfaces, the back 

stress work hardening in the soft α-Mg matrix can also activate non-basal dislocations sources 

in the matrix (see Figure 15 and chapter 8 for further details). 

 

Figure 15. (a) Activation of basal slip. The direction of green arrow represents the direction of the back stress on the 

dislocation source, S1, (b) activation of non-basal dislocations in the α-Mg matrix and at the α-Mg/Laves phase interface. 

The direction of the forward stresses on the Laves phase by basal and non-basal dislocations is opposite to that of the 

green and orange arrows. Blue arrows show the direction of tensile loading.  

Under the influence of the stress concentration induced by basal and non-basal dislocations at 

the interface, the Laves phase can behave in three different ways. 

i) Cracks may develop in the intermetallic phase (Figure 16a). 

ii) Dislocations may transfer from the metallic to the intermetallic phase (Figure 16a). 

iii) The strain may be accommodated by interface (α-Mg/Laves phase) sliding or 

interface cracking/decohesion. 

 

Figure 16. (a) Micro-crack nucleation in Laves phase because of stress induced by dislocations pile up in α-Mg phase, 

(b) slip in the Laves phase activated by dislocation pile up in α-Mg phase.  
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2.3.5.3. Nucleation of micro-cracks      

The formation of cracks at stress concentration points like slip band or twin-grain/phase 

boundaries intersections was widely reported in the literature [56, 57, 108, 109]. Huang et al. 

[108], in their work on a Ti-6Al extra low interstitial (ELI) alloy, proposed that the cracks 

nucleate along grain boundaries where no slip transmission occurs or at grain boundaries that 

are geometrically incompatible. Significant stress concentrations along such boundaries 

provides preferential micro-cracks nucleation sites. This means an easier slip transfer results in 

more homogeneous plastic flow while difficult configurations for slip transfer lead to micro-

crack initiation [108, 110, 111]. In many alloys, hard second phases or the interfaces between 

hard and soft phases were found to be dominant crack nucleation sites [14, 79, 112-116]. 

2.3.5.4. Slip transfer mechanisms at grain boundaries 

Various types of slip transfer mechanisms across grain boundaries have been reported in the 

literature [117]. 

a. Direct transfer occurs when the slip planes in both grains have a common line of 

intersection in the grain boundary plane. Moreover, the Burgers vectors of the 

dislocations in both grains must be equal and collinear.  

b. Dislocations may be absorbed at the grain boundaries, which can induce the nucleation 

of a dislocation in the adjacent grain leaving behind a residual dislocation at the grain 

or phase boundary. The dislocation nucleation occurs either at the same point where the 

dislocations of the primary grain are intersecting with the grain boundary, but can also 

be away from the point of intersection [117-119]. 

Consequently, dislocation-grain boundaries interactions can be divided into four stages: i) pile 

up of dislocations at the boundary, ii) absorption of dislocations into the interface, iii) 

nucleation of dislocation from the boundary, and iv) propagation of the dislocations from the 

boundary. At all stages, conservation of the Burgers vector of the system is mandatory. The 

piled-up dislocations can also be dissociated in the grain boundaries without subsequent re-

emission or these can also be reflected into the parent grain [117, 118]. The slip transfer from 

one grain to another is governed by certain rules, i.e., as per the Lee-Robertson-Birnbaum 

(LRB) criteria, the slip is easier [117, 119, 120] if: 

1. the angle between the lines of intersection by the slip plane and the grain boundary 

plane is minimum. 
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2. the magnitude of residual dislocations at the grain boundary is small. The ejection of a 

dislocation in the grain where slip is transmitted, generally requires the creation of 

residual dislocations. 

3. the resolved shear stress acting on the outgoing slip system from the piled-up 

dislocations is high.   

Out of these three, the second criteria is believed to be the most important one [121]. The 

compatibility of slip transfer is also expressed by an geometric compatibility factor, 𝑚′, 

parameter first suggested by Luster and Morris [122], Equation 4. 

𝑚′ =  cos Ф . cos 𝜅 Equation 4 

where, Ф and 𝜅 are the angles between the slip planes normals and the slip directions in two 

adjacent grains or phases, respectively. Values of 𝑚′ close to 1 indicate that the slip systems 

are aligned and highly favourable for slip transmission, while 𝑚′= 0 means that the slip systems 

are completely incompatible. 

2.3.5.5. Slip transfer across phase boundaries 

Similar to grain boundaries, slip transfer across phase boundaries is also affected by the 

alignment or deviation of slip systems of both phases [123].  

a. Interfaces between two metallic phases 

Dislocation transfer across interfaces between two metallic phases was extensively studied in 

Ti alloys [124-126]. Dislocation transfer is easier if the misorientation between the slip systems 

of the two phases is small [123, 126, 127]. Savage et al. [127] reported that a small 

misorientation (~0.25 °) between the slip systems of the α and β phases in Ti-6242 alloy 

resulted in easier slip transfer, lower strength and lower work hardening. On the contrary, 

misorientations of ~11 ° between the primary slip systems of both phases resulted in an 

increased difficulty in slip transmission, higher stresses, more work hardening and a higher 

number of dislocation pile ups at the α/β interfaces. Similarly, Zhang et al. [126] also proposed 

that slip transfer across α/β interfaces is favoured if the slip plane normals of both phases are 

aligned.  

b. Interfaces between metallic and non-metallic phases 

Dislocation transfer across such interfaces between metallic and non-metallic phases is much 

more complex than that across interfaces between metallic phases [123]. Pearlitic steel 
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(containing ferrite and cementite) is one alloy group in which dislocation transfer mechanisms 

were extensively studied [123, 128]. Cold wire drawing of such steels results in an enormous 

increase in the flow stress, decreasing thickness of the cementite lamellas and reduction in the 

inter-lamellar spacing between ferrite and cementite [128, 129]. Under the application of an 

external stress, plasticity is first induced in the ferrite lamella [130] and then the slip proceeds 

into the cementite lamella [131]. Slip transfer occurs by 
1

2
{110}〈111〉 and 

1

2
{112}〈111〉 in the 

ferrite [130, 132, 133]. These feasibility of slip transfer has been studied using the LRB criteria 

[133] suggesting that slip transfer can only occur along 2 {110}<111> slip systems and 1 

{112}<111> slip system of the ferrite. 

2.3.5.6. Slip transfer in Mg-Al-Ca alloys 

Zhu et al. [103] recently reported a co-deformation mechanism for a homogenised and extruded 

Mg–6Al–1Ca (wt%) alloy (AX61). The alloy exhibited appreciable formability and a 

reasonably high work hardening capacity. According to them [103], basal slip was first 

activated in the Mg matrix when loaded in tension. Then, the dislocations piled-up at the 

intermetallic (Al2Ca)/metallic (Mg) interfaces generating non-basal geometrically necessary 

dislocations in the matrix. The induced stresses then caused deformation of the Al2Ca by 

dislocation slip on the {111} plane. They related the difficulty to deform the Al2Ca phase, 

along with the enhanced non-basal dislocation activity to the large work hardening and tensile 

elongation of the respective material system. 
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3. General Conclusions 

The focus of this thesis is to contribute to a better Mg-Al-Ca alloy for elevated temperature 

applications and to gain an in depth understanding of the co-deformation mechanisms of Mg-

Al-Ca alloys. The following general conclusions can be drawn from this thesis. 

1. Effect of the Ca/Al ratio on the microstructure of Mg-Al-Ca alloys 

An increase in the Ca/Al ratio leads to  

i) an increase in the volume fraction of the Laves phases,  

ii) a change in the Laves phase morphology: from a loosely connected (at Ca/Al=0.32) 

to a fully interconnected skeleton (at Ca/Al=1.03),  

iii) reduced dissolution of Al in the α-Mg phase, 

iv) a change in the type of Laves phase changes from a combination of C15 and C36 

phase at low Ca/Al to C14 and C36 at higher Ca/Al ratio. 

2. Effect of the Ca/Al ratio on the mechanical properties of Mg-Al-Ca alloys 

With an increase in the Ca/Al ratio, the 

i) microhardness and yield stress increase at the expense of ductility.  

ii) minimum creep rate and stress exponents, determined at 170 °C and within 50–70 

MPa, are reduced. 

3. Strain partitioning and study of µ-cracks nucleation  

The high-resolution strain maps reveal that during tensile deformation at 170 °C, the strain is 

mainly carried by the α-Mg phase. Further, the strain is localised along slip lines, deformation 

twins, and at α-Mg/Laves phase interfaces. Moreover, cracks in the Laves phase form at strain 

concentration points. The Euler number depicting connectivity of Laves phase also decreases 

with increasing deformation. 

Further, from quasi in-situ and bulk material analysis, it was observed that micro-damage 

nucleates in the Laves phase at locations where basal slip lines and tensile twins in the α-Mg 

phase intersect the Laves phase. Basal slip and tensile twinning were more localised in grains 

with higher respective Schmid factors. In line with this observation, cracks in the Laves phase 

were more concentrated in grains with higher Schmid factors for basal slip and tensile twinning. 
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4. Slip transfer from Mg to the Laves phase 

In addition to cracking, slip transmission into the Laves phase and also interfacial sliding 

triggered by slip and twinning in the Mg phase, were also observed in experiments and in 

atomistic simulations (performed by Dr. Julien Guenole). SEM and TEM analysis revealed that 

deformation of the (Mg,Al)2Ca Laves phase occurred via basal slip. The simulations on the 

Mg/Mg2Ca system revealed that deformation of the Mg2Ca (C14) phase occurred along basal 

and prismatic planes. Moreover, simulations indicated that the slip transfer mechanism from 

Mg to the Mg2Ca phase depends on temperature and orientation relationship between both 

phases.  

5. Effect of the orientation relationship on the mechanism of slip transfer 

Atomistic simulations considered two different orientation relationships.  

i) Parallel basal planes in Mg and the Mg2Ca phase:  

For such an OR, basal slip in the Mg2Ca phase was triggered from the interface at the point 

where basal <a> dislocations were impinging from the Mg matrix. This is considered as direct 

slip transfer   

ii) Perpendicular basal planes in Mg and the Mg2Ca phase: 

For such an OR, stress concentrations at the interface initiated prismatic slip via a non-

dissociated <a> dislocations in the Mg2Ca phase. This is considered as indirect slip transfer. 

TEM (performed by Dr. Lipińska-Chwałek) revealed that the basal planes of α-Mg and the 

(Mg,Al)2Ca phase were nearly perpendicular to each other. However, unlike prismatic slip, the 

C36 phase deformed via basal slip. Moreover, in addition to basal slip, non-basal dislocations 

were also observed in the vicinity of α-Mg/C36 Laves phase interface. These non-basal 

dislocations are supposed to create favourable stress concentration to trigger basal slip in the 

C36 Laves phase. 

6. Mechanical properties of the individual phases 

Nanoindentation short interval constant strain rate tests demonstrated that the hardness of the 

α-Mg phase decreases with temperature while the hardness of the C14 Laves phase stays 

constant at least until 200 °C. In line with these results, the hardness at α-Mg/C14 and α-

Mg/C36 interfaces was also higher than that of the α-Mg matrix at all testing temperatures. The 

hardness-depth curves of the indents made close to the interfaces revealed noticeable hardening 

after a certain depth. This showed that dislocations pile-ups at interfaces can create back stress 

work hardening of the matrix.  



General Conclusions 

27 

 

Nanoindentation creep tests at 170 °C on the other hand showed that the hardness of both, the 

α-Mg and the Mg2Ca phase, decreases noticeably during creep loading, especially at strain 

rates below 0.01/s.     

7. Thermally activated mechanisms in α-Mg matrix 

The strain rate sensitivity of both, the α-Mg phase and Mg-Laves phase interfaces increased 

with temperature. The activation volume determined from strain rate jump tests suggests the 

possibility of dislocation cross-slip as predominant thermally activated deformation 

mechanism especially in the temperature range of 100–170 °C in the α-Mg matrix. The 

activation volume at interfaces was lower than that of the α-Mg matrix at all testing 

temperatures. This may be attributed to the interfacial sliding occurring at the α-Mg/Laves 

phase interfaces.  
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4. Outlook and Future Work 
 

The present work demonstrates that the Laves phase can deform plastically in the Mg-Al-Ca 

alloys and its strut thickness in the α-Mg matrix can be used as a tool to design alloys with 

appreciable ductility without sacrificing creep properties. However, the following experiments 

can be carried out in direct extension of this work to gain more insights into the deformation 

behaviour of these dual phase alloys.     

1. More post mortem TEM and in-situ deformation in TEM  

The presented TEM results are sufficient to propose a first suggestion for a mechanism of co-

deformation. However, slip transfer across metallic to intermetallic phase is complex, 

therefore, more work (more post mortem TEM and if possible in-situ deformation inside TEM) 

is needed to fully understand and verify the mechanism of slip transfer.  

2. Micro-pillar compression tests 

The grain size of Mg-Al-Ca alloys is much larger (above 150 μm in most cases) than the area 

bounded by intermetallic struts (~30 µm, see chapter 5 to 8). Therefore, it offers a possibility 

to mill several micro-pillars in selected orientations both in the matrix and at the α-Mg/Laves 

phase interfaces. These experiments will be able to i) explain the strengthening effect induced 

by the Laves phases in α-Mg phase and ii) present the possibility to observe co-deformation as 

a function of matrix and Laves phase orientation. These experiments can be done over a range 

of temperature since it is known that non-basal slip is more favourable at elevated temperatures 

(Figure 3 b) and its seems critical in activating basal slip in C36 Laves phase (see chapter 8).         

3. Quasi in-situ deformation inside SEM 

The tensile specimen can be deformed over a range of strain rates and temperatures. Large 

scale panoramas can be captured inside SEM and the effect of temperature and strain rates on 

cracking of Laves phase and slip transfer from α-Mg to Laves phase samples could be observed 

using machine learning techniques.  
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M. Zubair, S. Sandlöbes, M.A. Wollenweber, C.F.Kusche, W.Hildebrandt, C.Broeckmann, S. 

Korte-Kerzel, On the role of Laves phases on the mechanical properties of Mg-Al-Ca alloys, 

Materials Science and Engineering: A, 756 (2019) 272-283. 

 

The paper discusses the effect of Ca/Al ratio on the mechanical properties of Mg-Al-Ca alloys. 

Ca/Al ratio alters, the amount, type, and morphology of the Laves phases in the microstructure 

and thus significantly effects the mechanical properties of Mg-Al-Ca alloys. Therefore, this 

publication explicitly addresses the first research question laid down in section 1.1.  
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6. Research Publication 2 – Strain heterogeneity and micro-

damage nucleation under tensile stresses in an Mg-5Al-3Ca 

alloy with an intermetallic skeleton 
 

M. Zubair, S. Sandlöbes-Haut, M.A. Wollenweber, K. Bugelnig, C.F. Kusche, G. Requena, 

S. Korte-Kerzel, Strain heterogeneity and micro-damage nucleation under tensile stresses in an 

Mg–5Al–3Ca alloy with an intermetallic skeleton, Materials Science and Engineering: A, 767 

(2019) 138414. 

 

This publication discusses the distribution of strain at microstructural level and summarises the 

micro-damage nucleation behaviour in Mg-5Al-3Ca alloy. Quasi in-situ DIC and deformation 

analysis in SEM in combination with EBSD were used to study for this purpose.  The paper 

addresses the 2nd and 3rd research question laid down in the section 1.1.
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7. Research Publication 3 – Exploring the transfer of plasticity 

across Laves phase interfaces in a dual phase magnesium 

alloy 
 

J. Guénolé, M. Zubair, S. Roy, Z. Xie, M. Lipińska-Chwałek, S. Sandlöbes-Haut, S. Korte-

Kerzel, Exploring the transfer of plasticity across Laves phase interfaces in a dual phase 

magnesium alloy, Materials and Design, 202 (2021) 109572. 

 

The paper presents the experimental and theoretical evidence of the plastic deformation of Laves phase 

bounded in soft Mg matrix. Quasi in-situ deformation analysis in SEM, EBSD, site specific electron 

transparent specimen preparation and its analysis in TEM are used to unravel the deformation 

mechanisms of matrix and the Laves phase. Further, atomistic simulations are used in detail and provide 

suitable evidence of strain transfer from soft to hard phases across Mg/Mg2Ca interfaces. The 

manuscript, therefore, address the 4th and 5th research question laid down in the section 1.1.
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8. Research Publication 4 – Co-deformation Between the 

Metallic Matrix and Intermetallic Phases in a Creep-

Resistant Mg-3.68Al-3.8Ca Alloy 
 

M. Zubair, S. Sandlöbes-Haut, M. Lipińska-Chwałek, M. A. Wollenweber, C. Zehnder, S. 

Schröders, J. Mayer, J.S.K-L. Gibson, S. Korte-Kerzel, Co-deformation Between the Metallic 

Matrix and Intermetallic Phases in a Creep-Resistant Mg-3.68Al-3.8Ca Alloy, Materials and 

Design 210 (2021) 110113. 

 

The paper elaborates the effect of orientation and the presence of Laves phases on the 

deformation behaviour of α-Mg matrix. Further, experimental evidence of co-deformation of 

metallic and intermetallic phases is presented and a strain transfer mechanism based on 

experimental results is proposed. The mechanical response of the individual microstructural 

constituents is also determined over a range of temperature varying from 23-170 °C. Micro-

and nanoindentation in combination with SEM, EBSD and TEM are used for this purpose. This 

study answers the 4th, 5th and 6th research question raised in section 1.1.    
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Co-deformation Between the Metallic Matrix and Intermetallic Phases in a Creep-

Resistant Mg-3.68Al-3.8Ca Alloy 

M. Zubair1,2, S. Sandlöbes-Haut1, M. Lipińska-Chwałek3,4, M. A. Wollenweber1, C. Zehnder1, 
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Fig. SM 1: Difference between the CRSS values for basal slip, prismatic slip and pyramidal slip in α-Mg and 

the Mg2Ca Laves phase. The values shown are extracted from [1-4]. 
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Fig. SM 2: (a): BSE image of creep indents made in the Mg2Ca phase (bright phase) in an Mg-30Ca master 

alloy; the creep indents are highlighted using blue arrows, (b) and (c) are the high magnification SE images 

of the creep indents in the Mg2Ca phase. This phase has been characterised as Mg2Ca phase based on SADP 

in TEM and by EDS and EBSD in SEM in the earlier work by Zehnder et al. [4]. 

 

 

Fig. SM 3: Hardness-depth curves of various indents at α-Mg/Laves phase interfaces. At higher depths, the 

contribution of the α-Mg phase increases. 
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Fig. SM 4:  Variation in m with depth for α-Mg phase at all test temperatures 

 

 

 

Fig. SM 5: (a-c): Strain rate vs hardness variation of the Mg2Ca phase for three different indents made at 

170 °C. 
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Fig. SM 6: SE images of the sub-surface regions of indents made at 5 N (a) and 10 N (b). (c) and (d) are 

higher magnification SE images of the regions enclosed by orange and light blue rectangles in (b). Dark blue 

arrows indicate the slip in the C36 Laves phase. 

 

Fig. SM 7: Composite microstructure observed with TEM in FIB lamella lifted out from an alloy with slightly 

different composition (Mg-3.94Al-3.83Ca, wt.%) but similar microstructure, almost perpendicular relative 

orientation of the constituent phases [1 1 2̅ 0]C36, [0 0 0 1]α-Mg = ∼ 3°. (a) BF overview image. b) and c) 

Magnified BF images of deformation structure in α-Mg matrix and C36 Laves phase, as observed in orientations 

corresponding to B ∥ [1 1 2̅ 0]α-Mg (b) and close to B ∥ [1 1 2̅ 0]C36  (c). Basal-plane SFs in edge-on orientation 

are indicated with yellow arrows. d)-e) SAED patterns of the α-Mg matrix and C36 Laves phase corresponding 

to real space images presented in (b) and (c), respectively. Note that BF images (b) and (c) were acquired at 

extreme α and β tilt values of the TEM sample holder (condition B ∥ [1 1 2̅ 0]C36 was out of the tilt range). 

Accordingly, very high projection thickness of the FIB lamella results in poor quality of the BF TEM images in 

(b) and (c). 



Research Publication 4 – Co-deformation Between the Metallic Matrix and Intermetallic 

Phases in a Creep-Resistant Mg-3.68Al-3.8Ca Alloy 

 

96 

 

References 

[1] H. Conrad, W.D. Robertson, Effect of temperature on the flow stress and strain-hardening 

coefficient of magnesium single crystals, JOM 9(4) (1957) 503-512. 

[2] R.E. Reed-Hill, W.D. Robertson, Deformation of magnesium single crystals by nonbasal 

slip, JOM 9(4) (1957) 496-502. 

[3] T. Obara, H. Yoshinga, S. Morozumi, {112̅̄2}〈1̅1̅23〉Slip system in magnesium, Acta 

Metallurgica 21(7) (1973) 845-853. 

[4] C. Zehnder, K. Czerwinski, K.D. Molodov, S. Sandlöbes-Haut, J.S.K.L. Gibson, S. Korte-

Kerzel, Plastic deformation of single crystalline C14 Mg2Ca Laves phase at room 

temperature, Materials Science and Engineering: A 759 (2019) 754-761. 

 

 


	Declarations on Publications
	Acknowledgment
	List of Abbreviations
	List of Figures
	List of Tables
	Abstract
	Kurzfassung
	1. Introduction and Motivation
	1.1 Objectives and research questions

	2. Fundamentals
	2.1. Mg-Introduction
	2.1.1. Basal slip in Mg
	2.1.2. Non-basal slip of <a> type dislocations
	2.1.3. Non-basal slip of <c+a> type dislocations
	2.1.4. Deformation twinning

	2.2. Laves Phases
	2.2.1. Stacking sequences of Laves phases
	2.2.2. Deformation mechanisms and mechanical properties of Laves phases
	2.2.2.1.  Synchroshear deformation or transformation mechanism
	2.2.2.2.  Deformation behaviour of Mg based Laves phases


	2.3. Mg-Al-Ca alloys
	2.3.1. Solidification behaviour of Ca containing Mg-Al alloys
	2.3.2. Microstructure of as-cast Mg-Al-Ca alloys
	2.3.3. Mechanical properties of Mg-Al-Ca alloys and the influence of the Ca/Al ratio
	2.3.3.1.  Effect of casting on mechanical properties

	2.3.4. Strain distribution during deformation
	2.3.5. Co-deformation of metallic and intermetallic phases
	2.3.5.1.  Back stress hardening and forward stresses
	2.3.5.2.  Activation of secondary slip systems
	2.3.5.3.  Nucleation of micro-cracks
	2.3.5.4.  Slip transfer mechanisms at grain boundaries
	2.3.5.5.  Slip transfer across phase boundaries
	a. Interfaces between two metallic phases
	b. Interfaces between metallic and non-metallic phases
	2.3.5.6.  Slip transfer in Mg-Al-Ca alloys



	3. General Conclusions
	4. Outlook and Future Work
	References
	5. Research Publication 1 – On the role of Laves Phases on the mechanical properties of Mg-Al-Ca alloys
	5. Research Publication 1 – On the role of Laves Phases on the mechanical properties of Mg-Al-Ca alloys
	6. Research Publication 2 – Strain heterogeneity and micro-damage nucleation under tensile stresses in an Mg-5Al-3Ca alloy with an intermetallic skeleton
	7. Research Publication 3 – Exploring the transfer of plasticity across Laves phase interfaces in a dual phase magnesium alloy
	8. Research Publication 4 – Co-deformation Between the Metallic Matrix and Intermetallic Phases in a Creep-Resistant Mg-3.68Al-3.8Ca Alloy



