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Abstract

Abstract

Mg-Al-Ca alloys have a dual phase microstructure comprising a soft a-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 (a-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: 1) effect of Laves phases on the mechanical

properties of Mg-Al-Ca alloys and i) 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 a-Mg phase and along the a-
Mg/Laves phase interfaces. Moreover, it was found that cracks preferentially nucleate in the
Laves phase at the intersections of slip in the a-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),Ca phase at strain concentration

points.

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

phase was triggered by the interaction of basal dislocation of the Mg matrix with the interface.
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Abstract

However, the slip transfer mechanisms across the Mg/Mg,Ca interface were affected by
temperature and orientation relationship between both phases. In line with atomistic
simulations, basal slip lines in the (Mg,Al)>Ca 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 a-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 a-Mg and a-Mg/Laves interfaces while the activation
volume was lower for indents made across interfaces. Nanoindentation creep tests indicated

that the creep resistance of the Mg>Ca phase is higher than that of the a-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.



Kurzfassung

Kurzfassung

Mg-Al-Ca-Legierungen haben eine zweiphasige Mikrostruktur, die aus einer weichen a-Mg-
Phase besteht, die durch ein hartes intermetallisches, miteinander verbundenes Skelett aus
Laves-Phasen verstirkt wird. Die hervorragenden Kriecheigenschaften dieser Legierungen
werden auf das Vorhandensein der Laves-Phasen im Gefiige zuriickgefiihrt. Es ist jedoch nicht
klar, wie der Volumenanteil, der Typ und die Morphologie der Laves-Phasen die Zug- und
Kriecheigenschaften dieser Legierungen bei erhohter Temperatur beeinflussen koénnen.
Dazwei mechanisch und kristallographisch sehr unterschiedliche Phasen das Gefiige bilden,
besteht dariiber hinaus die Moglichkeit, das Co-Verformungsverhalten solcher heterogenen
Werkstoffe zu untersuchen. Diese Arbeit konzentriert sich daher auf die beiden Hauptaspekte:
1) 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-Verhiltnis 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-Verhiltnissen (Ca/Al: 0,32, 0,62 und 1,03) hergestellt. Die
Legierungen wurden mikroskopisch und mechanisch mittels REM, EDS, EBSD, Mikrohirte,
Zug- und Kriechversuchen untersucht. Die Ergebnisse zeigen, dass die Erh6hung des Ca/Al-
Verhiltnisses von 0,32 auf 1,03 zu einem hoheren Anteil an Laves-Phasen im Gefiige im
Gusszustand fiihrt und eine hohere Streckgrenze, UTS und verbesserte Kriecheigenschaften
bei einer Temperatur von 170 °C bewirkt. Die Legierung mit dem hochsten Ca/Al-Verhiltnis

wies jedoch die geringste Duktilitat auf.

Die Co-Verformungsmechanismen wurden mit DIC, Quasi-In-Situ-Zugverformung im REM
(be1 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 o-Mg-Phase und entlang der o-Mg/Laves-
Phasengrenzflachen zu konzentrieren. Dariiber hinaus wurde festgestellt, dass sich die Risse in
der Laves-Phase bevorzugt an den Schnittpunkten von basalen Gleitlinien und
Verformungszwillingen in der a-Mg-Matrix mit der Laves-Phase ausbilden. Folglich
konzentrierten sich die Risse in der Laves-Phase in Gefligebereichen, die signifikante basale
Gleitung und die Bildung von Zugzwillinge aufwiesen. Die Eulerzahl-Analyse bestitigte auch,

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

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

Atomistische Simulationen (am Mg/Mg>Ca-System) bestétigten, dass Versetzungsgleuten in
der Mg>Ca-Phase an Stellen ausgelost wird, an denen die basalen Mg-Gleitlinien mit der
Grenzfliche interagieren. Die Ubertragungsmechanismen von Versetzungsgleiten iiber die
Mg/Mg>Ca-Grenzfliche wurden jedoch von der Temperatur und der Orientierungsbeziehung
zwischen den beiden Phasen beeinflusst. In Ubereinstimmung mit atomistischen Simulationen
wurden basale Gleitlinien in der (Mg,Al)>Ca-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.

Schlieflich 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
Hérte der a-Mg-Phase mit der Temperatur abnahm, wéhrend die der Laves-Phase zumindest
bis 200 °C gleich blieb. Die Dehnratenempfindlichkeit, m, war fiir die a-Mg- und a-Mg/Laves-
Grenzflaichen nahezu gleich, wéhrend das Aktivierungsvolumen bei Eindriicken iiber
Grenzflaichen geringer war. Nanoindentations-Kriechversuche zeigten, dass die

Kriecheigenschaften der Mg>Ca-Phase viel besser waren als die der a-Mg-Phase.

Die Ergebnisse dieser Studie liefern somit wertvolle Erkenntnisse fiir das Design von
kriechfesten Mg-Al-Ca-Legierungen durch Manipulation des Ca/Al-Verhéltnisses. Dariiber
hinaus sind die Methoden dieser Studie allgemein auf die Untersuchung der Co-Verformung
in mehrphasigen Legierungen mit mechanisch heterogenen Gefiligekomponenten anwendbar.
Sie konnen daher auch fiir Forscher interessant sein, die in anderen metallurgischen Bereichen

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

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/cm? [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 Mgi7Al2 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 Mgi7Ali2 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 Mgi7Al2
phase and the formation of only Al>Ca as reinforcement phase in the as-cast alloy [10]. Al,Ca
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)>Ca and
Mg,Ca Laves phase [16]. These intermetallic Laves phases are much harder [17, 18] and
stronger than the a-Mg matrix [19]. These phases also have high melting points, i.e. Mg>Ca:
715 °C and Al2Ca: 1079 °C [17] and high thermal stability [ 10] when compared to the Mgi7Al12
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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Introduction and Motivation

phases with the a-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

How is the strain distributed at the microstructural scale in Mg-Al-Ca alloys during
elevated temperature tensile deformation? Publication 2

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

How does the Laves phase deform plastically in the Mg-Al-Ca alloys and which slip
transfer mechanisms occur from the soft a-Mg matrix to the hard Laves phase?
Publications 3 and 4

What is the effect of the orientation relationship between the a-Mg matrix and the Laves
phase on the slip transfer mechanisms? Publications 3 and 4

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 | Materials 5
properties of Mg-Al-Ca alloys Science and
Engineering:
A
Publication 2 Strain  heterogeneity and micro-damage | Materials 6

nucleation under tensile stresses in an Mg— | Science and
5Al1-3Ca alloy with an intermetallic skeleton | Engineering:

A
Publication 3 Exploring the transfer of plasticity across Materials 7
Laves phase interfaces in a dual phase and Design

magnesium alloy
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Publication 4 Co-deformation Between the Metallic Matrix | Materials 8
and Intermetallic Phases in a Creep-Resistant | and Design
Mg-3.68A1-3.8Ca Alloy

The topics/research questions addressed in each publication are presented in Figure 1 and Figure 2.
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Figure 1. The deformation behaviour and mechanical properties of Mg-Al-Ca alloys at macro and microscopic scale.
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Co-deformation of a-Mg and Laves phase

== Slip lines in a-Mg phase Slip lines in (Mg,Al),Ca phase

Evidence of Slip transfer from a-Mg
phase to Laves phase

Motivation for studying slip transfer mechanisms

Mechanism of slip transfer by means of
atomistic simulations
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Figure 2. Co-deformation of a-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 a-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}<1120> and tensile
twinning {1012}<1011>. In addition, the following deformation mechanisms have been
reported: i) prismatic slip {1010}<1120> , ii) first order pyramidal slip {1011}<1120>,
{1011}<1123>, iii) second order pyramidal slip {1122}<1123>, and iv) compression twinning
{1011}<1012>.

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:

T= 0-cosd - cosA Equation 1
With 7 being the resolved shear stress, o the applied tensile stress, @ the angle between the
tensile force and the normal to the slip plane and A the angle between the tensile force and the

slip direction.

The product of cosine @ and cosine 4 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 T approaches

a critical value on that slip system. This 7c:it 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 § < 1120 > also named <a> type. These perfect basal <a> dislocations can

also dissociate into two Shockley partials with the Burgers vector % < 1010 >. These partial

dislocations bound a stacking fault with ABC (FCC) stacking sequence. Values for the stacking
fault energy, v, (for the Ib* type basal fault) in Mg are in the range of 30 to 40 mJm™ [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 I; and I, while

one extrinsic commonly called as E. Further details are available in [33].



Fundamentals

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].
<ct+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 ct+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 1> 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. {1012}<1011> 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. {1011}<1012>

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 <1120> of the parent and twinned crystal
amounts to ~86.2°. This is schematically shown in the Figure 4. K, is the first invariant (shear)
plane and K is the second invariant (or conjugate) plane. This is the plane that changes its
orientation during shearing and the displacement of the K> plane after twinning defines the

shear which occurs during twinning [34].

K,-after twinning

Ky-Twinning
plane {1012}

\"b(\ {‘.’}
Qe _
Q’i\ <& K;-(1012) in parent
\00 %&(‘\ crystal

Q

Figure 4. {1012} twin in Mg along the plane twinning K. Kz 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 a-Mg matrix. This Laves phase skeleton is considered to block dislocation
motion in the a-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



Fundamentals

[55-58]. Lenticular shaped twins formed in the a-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.

& Twinned chystal” - ]
% -orientation(ET) .

. Parént crystal 6rientation

Figure 5. (a) SE micrographs of the Mg-4.6541-2.82Ca 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 AB»
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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(a)

(d)

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

ocp, (d) triple (t') layer with a stacking sequence of aby. 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 a in Figure 6 (¢). The small atoms (denoted by c) take the ¢ positions followed
by the large atoms denoted B 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 BBay or BBca. Depending on the repetition of these quadruple layers the three

variants of Laves phases are

1) XY'XY'.....-2H-Cl4
2) XYZXYZ... -3C-C15
3) XY'X'Z.... -4H-C36

10
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(a)

Mg,Ca-C14

Figure 7. Unit cells of (a) Mg2Ca phase (C14), b) Al>Ca phase (C15) and c¢) Al1.34Mgo.s6Ca 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

¢ 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.
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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: -bi,-b2 or -bs. However, this is only possible if the large atoms also move
synchronously along their respective -bi,-bz or -bs direction, relative to the small atoms. This
means for synchroshear, the ¢ and  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].

12
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(a)

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. 6T,,, (ductile-brittle transition temperature)
[69]. A way to study the deformation mechanisms at temperatures below 0. 6T, 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. 6T,,.
Kirsten et al. [70] studied the deformation behaviour and mechanical properties of MgZn, and
Mg,Ca Laves phases using Brinell hardness tests. They found that the hardness of the MgZn,
phase is nearly unaffected by temperature below the transition temperature (0.617,,), while
the hardness of the Mg>Ca phase was only mildly affected until 0. 59T,,,. After the transition
temperature the hardness abruptly dropped for both phases. They [70] also reported
deformation by prismatic slip at room temperature for the Mg>Ca phase and by basal slip for
the MgZn, 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
etal. [18, 71]. The variation of microhardness with crystal orientation for Mg>Ca is summarised

in Table 2.

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

Compound Planes Hwm, GPa
Mg,Ca (0001) 2.23+0.06
(1010) 2.13+0.06

13
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(1122) 1.96 + 0.06

(1011) 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 Mg,Ca and Al,Ca 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 Mg>Ca (see section 2.3.5 and Figure 14).
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Figure 10. Variation of hardness with temperature and holding time for Mg>Ca and Al>2Ca 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-5A1-3Ca, Mg-8Al-3Ca), the a-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 Al12 (Mgi7Ali2) 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 AMS50 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
1) 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 | Secondary Phase/s
Al Ca Sr/Zn | Mn | Mg Ca/Al | determination

4.52 | 298 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 Mgi7Al12 [73]

9.09 |2.05 1.0 0.32 | Balance | 0.23 TA*, SEM Mgi7Aliz and C15 [73]
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5.1 - - 0.3 Balance | 0 TA*, SEM Mgi7AlL2 [73]

532 |0.62 - 0.28 | Balance | 0.12 TA*, SEM Mgi7Aliz and C15 [73]
511 | 1.63 - 0.32 | Balance | 0.32 TA*, SEM C36 [73]

537 |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 Mg7Al2[10]

6 1.2 - 0.3 Balance | 0.2 XRD, SEM Mgi7Al 2 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.

Cal/Al ratio

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

Al,Ca Mg,Ca
Mgl (mg,Al),Ca
0 02 04 06 |

1.4

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 AMS50 (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 AMS50 and AZ91 alloys are discontinuous Mgi7Al 2 phase precipitates. The
Laves phase skeleton is an effective obstacle against plastic deformation carriers in this alloy

[13].
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Figure 12. An increasing amount of Ca leads to a reduction in the minimum creep rate in a) AMS50 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-5.16A1-1.45Ca-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-6.3Al1-3.7-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-5.3A41-2.6Ca-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 Al.Ca
precipitates within the Mg matrix. These precipitates share a definite orientation relationship
with the matrix of (111)¢15//(0001)4—p4, [011]¢15]| [0110]0-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 a-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 Mg>Ca Laves phase than in
Mg (see Figure 14), i.e., specifically, the difference amounts to three orders of magnitude for

basal slip.

500 - ® ®
®
400
©
%300
- | B Mg
@200- ® Mg,Ca
O 100-
ol - H u

Basai Slip Prismaltic Slip Pyramildal Slip

Figure 14. Difference between the CRSS values for basal slip, prismatic slip and pyramidal slip for Mg and the Mg:Ca
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 S in the softer matrix is activated once the CRSS of the corresponding slip system is
exceeded. In the case of the a-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, 7,, and
pile up at the phase boundaries. This pile up of dislocations creates back stresses, 7;, on the
dislocation source (Figure 15). The effective stress (7,) on the dislocation source Si can then

be described via Equation 2 [105]:
Te = Tg— Tp Equation 2

The source emits dislocations as long as 7, 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, 7,
and depends on the number of dislocations in the pile up, as described by Equation 3 [106,

107]:

T, = NT, Equation 3
where 1; 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 Al,Ca 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 a-Mg matrix can also activate non-basal dislocations sources

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

Non-basal
dislocations

L

Figure 15. (a) Activation of basal slip. The direction of green arrow represents the direction of the back stress on the
dislocation source, Si1, (b) activation of non-basal dislocations in the a-Mg matrix and at the a-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.

1) Cracks may develop in the intermetallic phase (Figure 16a).
i1) Dislocations may transfer from the metallic to the intermetallic phase (Figure 16a).
i) The strain may be accommodated by interface (a-Mg/Laves phase) sliding or

interface cracking/decohesion.

Laves Laves
Phase Phase
Y

Figure 16. (a) Micro-crack nucleation in Laves phase because of stress induced by dislocations pile up in a-Mg phase,
(b) slip in the Laves phase activated by dislocation pile up in a-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: 1) 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®.cosk Equation 4

where, @ and k 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
Tialloys [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 o and B 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 o/p interfaces. Similarly, Zhang et al. [126] also proposed
that slip transfer across o/f 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 % {110}(111) and % {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 (Al.Ca)/metallic (Mg) interfaces generating non-basal geometrically necessary
dislocations in the matrix. The induced stresses then caused deformation of the AlCa by
dislocation slip on the {111} plane. They related the difficulty to deform the Al>Ca 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

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

i1) 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),

i) reduced dissolution of Al in the a-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

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

i1) minimum creep rate and stress exponents, determined at 170 °C and within 50—70

MPa, are reduced.

3. Strain partitioning and study of p-cracks nucleation
The high-resolution strain maps reveal that during tensile deformation at 170 °C, the strain is
mainly carried by the a-Mg phase. Further, the strain is localised along slip lines, deformation
twins, and at a-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 a-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)>Ca Laves phase occurred via basal slip. The simulations on the
Mg/Mg>Ca system revealed that deformation of the Mg>Ca (C14) phase occurred along basal
and prismatic planes. Moreover, simulations indicated that the slip transfer mechanism from
Mg to the Mg>Ca 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.

1) Parallel basal planes in Mg and the Mg>Ca phase:
For such an OR, basal slip in the MgzCa 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

i) Perpendicular basal planes in Mg and the Mg>Ca phase:
For such an OR, stress concentrations at the interface initiated prismatic slip via a non-
dissociated <a> dislocations in the Mg>Ca phase. This is considered as indirect slip transfer.
TEM (performed by Dr. Lipinska-Chwatek) revealed that the basal planes of a-Mg and the
(Mg,Al);Ca 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 a-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
a-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 a-Mg/C14 and a-
Mg/C36 interfaces was also higher than that of the a-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.
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Nanoindentation creep tests at 170 °C on the other hand showed that the hardness of both, the
a-Mg and the Mg>Ca phase, decreases noticeably during creep loading, especially at strain
rates below 0.01/s.
7. Thermally activated mechanisms in a-Mg matrix

The strain rate sensitivity of both, the a-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 a-Mg matrix. The
activation volume at interfaces was lower than that of the a-Mg matrix at all testing
temperatures. This may be attributed to the interfacial sliding occurring at the a-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 a-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 um in most cases) than the area
bounded by intermetallic struts (~30 pm, 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 a-Mg/Laves
phase interfaces. These experiments will be able to 1) explain the strengthening effect induced
by the Laves phases in a-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 a-Mg to Laves phase samples could be observed

using machine learning techniques.
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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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ARTICLEINFO

ABSTRACT

Keywords:

Mg alloys

Ca/Al ratios

Creep properti=s

Dhigitsl Image Cerrelation
Microstructure characterisytion

As-cast Mg-A1-Ca alloys are among the most promising alloys for elevated temperature applications (= 200 °C)
due to thelr superor ecreep properties when compared to comventional AZ or AM serles Mg alloys. The micro-
structures of Mg-Al-Ca alloys consist of a soft o-Mg phase relnforced with hard Interconnected Laves phases.
These interconnected Laves phases are the main reason for the good creep resistance of these alloys as they
impede creep deformation. The volume fraction, type and morphology of Laves phases can be controlled through
the Ca/Al ratio. Consequently, the Ca Al ratio can be used to manipulate the mechanical properties of this alloy
system in order to achieve optimum creep resistance, We show here that a higher Ca/Al ratlo results in 1) higher
volume fraction of iIntermetallic Laves phases in the microstructure, i1} improvement in the yleld strength (¥5),
and 111} enhancement in creep resistance at a stress level of 50-70MPa and a temperature of 170°C of the as-cast
alloys. Moreower, the local strain distdbution and partitioning at the microstructural level occuring during high
temperature tensile deformation (at ~170*C) was measured using quasi in-situ DIC in SEM revealing stress

localization at the a-Mg Laves phase interfaces.

1. Introduction

‘Weight reduction in the automobile and aerospace industries is cne
of the key elements to improve fuel efficiency and reduce harmful
emissions. Mg is promising over other materials due to its low density of
about 1.7 gem™?. The most widely used Mg alloys used in vehicles
contain Al as one of the major alloying elements (AZ or AM series).
However, the operating temperature of these alloys is limited to below
125 °C due to the rapid deterioration of their creep strength at elevated
temperatures [1-3]. This is because the main strengthening phase
present in Al-based Mg alloys is the MgizAliz intermetallic phase,
which softens at temperatures above 150 °C [4,5] rendering these alloys
unsuitable for high temperature applications like powertrains and
transmission cases.

Maost Mg alloys for high temperature applications (125 *C-200°C)
are Mg-Al-based alloys with single or combined additions of Ca, Sr, Mn,
In, RE (RE: rare earth elements) [2,6-5]. Ca is one of the most pro-
mising alloying elements as it is cheap and causes the formation of a
continucus network of Laves phases instead of discontinuous MgirAliz
precipitation in Mg-Al alloys. This continuous Laves phase network has
been reported to improve the creep resistance [5-11]. It is also

pertinent to mention here that the Laves phases also have significantly
higher melting points, T, (MgzCa = 715°C and Al,Ca = 1079°C)
[12,13] than MgivAliz (Tm = 460°C) [14]. Terada et al. [10] have
compared the creep properties of commercial die-cast AMSO with
AMS0 containing 1.72 wit% Ca. They [10] have reported, that the ad-
dition of 1.72 wit¥ Ca reduces the minimum creep rate of AMS0 by
about three orders of magnitude at an application temperature of 423 K
and stress levels below 120 MPa. Similarly, Amberger et al. [9] have
studied the effects of the addition of 1, 3 and 5 w3 Ca on the properties
of AZ91 revealing that the minimum creep rate of the alloy containing
SwitY Ca was also three orders of magnitude lower than in the alloy
containing no Ca at 200 °C and stress levels of 100 MPa.

The microstructure of cast Mg-Al-Ca alloys resembles that of com-
posites in which the soft a-Mg phase is reinforced with hard and brittle
interconnected intermetallic Laves phases. The mechanical properties
of this alloy system can thus be controlled by altering amount and
distribution of Laves phases in the a-Mg matrix. The Ca/Al ratio is one
important factor which determines the wolume fraction, distribution
and type of Laves phases in the Mg-Al-Ca alloy system. It has been re-
ported that an increase of the Ca/sAl ratio from 0.4 to 1 results in a
change of the Laves phase type from AlzCa (low Ca/Al ratio) to

* Corresponding author. Institut fir Metallkunde und Metallphysik, Kopemikuastr. 14, RWTH Aachen Untversity, 52074, Aachen, Germany.

E-meil eddress: zubalriimm. rwih-aachende (M. Zubalr).

httpe: //dol.org, 10. 101 6] msea. 201 9.04.048

Recelved & September 2018; Recelved in revised form 9 April 2019; Accepted 11 April 2019

Available online 12 April 2019
0921-5093/ & 2010 Elsevier B.V. All rights raserved.

36



Research Publication 1 — On the role of Laves Phases on the mechanical properties of Mg-Al-

Ca alloys

M. Zubair, et ol.

(Mg Al)xCa (intermediate Ca/Al ratio) and to Mg,Ca (high Ca/Al ratio)
[15]. SBeveral recent publications focus on the effects of the Ca/Al ratio
on the microstructure and mechanical properties of this alloy system
[15-12], however, these studies mainly concentrate on the evolution of
the mechanical properties and texture after hot extrusion. Further stu-
dies have been performed on the tensile and compressive creep prop-
erties of different Mg-Al-Ca alloys [5-11,19-21].

However, the effects of different Ca/Al ratios on the creep proper-
ties of cast Mg-Al-Ca alloys are not yet fully understood and require
further investigation in order to design Mg-Al-Ca alloys with improved
creep properties, Therefore, we systematically vary the Casal ratio in
Mg-Al-Ca alloys and study the microstructure formation, tensile and
creep properties of different Mg-Al-Ca alloys. Further, we use quasi in-
situ p-digital image correlation (p-DIC) [22-31] to investigate the strain
partitioning at the microstructural level during high temperature tensile
deformation of as-cast Mg-Al-Ca alloys.

2. Experimental methods

Pure Mg (99.95 wt]), Al (99.99 wit¥) and an Mg-30Ca master alloy
were used to synthesise alloys with different Ca/Al ratios. The raw
materials were molten in an induction furnace under protective atmao-
sphere of Ar and CO, using a graphite crucible. The melt was then
poured into a boron nitride coated Cu mold and cooled down to room
temperature. The chemical compositions of the as-cast alloys were
measured using inductively coupled plasma optical emission spectro-
metry (ICP-DES), Table 1.

Samples for microstructure analysis were mechanically ground
using 4000 5iC emery paper, followed by mechanical polishing using 3,
1, 0.25 pm diamond suspension and 0.04 pm Al;O5 powder suspension.
Samples for EBSD were electro-polished after a 1 pm diamond suspen-
sion polishing step using the electrolyte AC2 (Struers). The tempera-
ture, voltage and time used for electro-polishing were — 20 °C, 15V and
50s, respectively. The microstuctures of the as-cast and deformed
samples were observed using scamming electron microscopy (SEM)
(LED1530 and a FEI Helios Nanolab 600i). An accelerating voltage of
20kV was used for secondary electron (SE) imaging, back-scattered
electron (BSE) imaging and electron back scattered diffracton (EBSD).
An accelerating voltage of 10kV was used for energy dispersive X-ray
spectroscopy (EDS) to reduce the electron-sample interaction volume.
The images and EBSD data were analysed using ImageJ, Channel 5 and
OIM.

Micro hardness tests were performed using a Vickers hardness tester
at a load of 1 kg at room temperature for all samples. The holding time
at maximum load amounted to 15s for all indents. Tensile tests at room
temperature and 170 “C were done using an electromechanical testing
machine (DZM) equipped with a heater. The strain rate during tensile
testing at room temperature and 170°C was 5 x 10~* 57, The ex-
tension of the specimens during tensile testing was measured using a
linear variable differential transformer (LVDT) extensometer. The spe-
cimens for tensile testing were standard dog bone shaped with a gauge
length of 10 mm. Quasi in-situ p-DIC experiments were performed in an
SEM (LEO1530) to examine the strain partitioning occurring at the
microstructural level during high temperature tensile deformation.
Digital image correlaton (DIC) is a powerful technique to measure the
local strain distribution in complex stress conditons at macroscopic and

Table 1
Composition of the as-cast alloys C/7A 0.3, C/A 0.6 and C/A& L0
Al Ca Al + Ca Mg Ca/ Al ratio
(wrt ¥4) {wt %5) (wt 1) (wrt )
Alloy C/A 0.3 544 1.72 7T Balsncs 0.32
Alloy C/A 0.6 4.7 292 7.63 Balsmcs 0.62
Alloy C/A L0 268 .8 748 Balsrcs 1.2

a7
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microscopic scales [22-34]. For DIC, Al,Oy particles were deposited on
the sample surface during the final polishing step using a concentrated
OPA suspension and a polishing time of ~ 4 min to generate a suitable
pattern on the sample surface. These samples were stepwise deformed
at 170°C in an electromechanical testing machine and in between
subsequent deformation steps monitored using SEM. The software
ARAMIS GOM Correlate was used to determine the local strain. The
creep properties of the different alloys were measured through constant
stress experiments using a lever-arm creep testing machine. Standard
dog bone shaped specimens with a gauge length of 40 mm were used for
the tensile creep studies. The extension of the specimens during creep
deformation was measired using a LVDT based tube-rod extensometer.

3. Results
3.1. Microstrucases of the as-cast elloys

Fig. 1{a—¢) shows the microstructures of the as-cast alloys, which
contain o-Mg and intermetallic Laves phases. The volume fraction and
distribution of Laves phases vary considerably when the Ca/Al ratio is
increased from 0,32 in alloy C/A 0.3 to 1.03 in alloy C/A 1.0, In alloy
C/A 0.3, the amount of intermetallic phases amounts to 5.5% and the
average dendrite cell size (mean free path as determined by the linear
intercept method according to ASTM E 112-12) is 41.9 + 3.8 pm (see
Table 2). The amowunt of intermetallic phase increases to 8.7% and the
average dendrite cell size decreases to 32.5 + 4.2 pm in alloy C/A 1.0.
In alloy C/A 1.0 parts of the intermetallic phases are present as fine
eutactic regions (s2e Fiz. 1 (e and f)) containing alternating lamallae of
intermetallic Laves phase and soft a-Mg phase. The average dendrite
cell size in alloy C/A 0.6 amounts to 31.9 + 5.8 pm, where most of the
intermetallic phase is present as single intermetallic lamellas.

EDS analysis was performed for the different microstructure con-
stituents at the points marked by characters in Fig. 1 (b, d and f}.
Table 3 lists the obtained local compositions and the intermetallic
phases corresponding to these chemical compositions [15,17,25,36].

Amerion et al. [25] have reported that the most stable phase in the
CaAlz xMgy system is AlzCa when x isin the range of 0-0.24, (Mg.Al)2Ca
when x lies between 0.66 and 1.07 and Mg,Ca when x is in the range of
1.5-2. The EDS analysis in our study shows that the predominant in-
termetallic phases in alloy C/A 0.3 are Al,Ca and (Mg.Al):Ca, in alloy
C/A 0.6 (Mg, Al)2Ca and in alloy C/A 1.0 (Mg, Al)zCa and Mg=Ca. This is
further confirmed by the BSE images shown in Fig. 1 (b, d and f), where
the intermatallic phases present in alloy C/A 1.0 (Fig. 1 )]} give clear
contrast of two different intermetallic phases: fine lamellar MgqCa
Laves phase with Cl4 structure and coarse lamellar (Mg,Al)Ca Laves
phase with C36 structure, as revealed from EDS analysis.

EDS analysis of the a-Mg matrix reveales that the Al content in the
o-Mg matrix decreases from 1.6 at% to 0.6 at% when the global Ca/Al
ratio is increased from 032 to 1.03wt% (see Table 3} This is in
agreement to the work by Eibisch et al. [27] who also reported that the
solute Al concentration in the a-Mg phase is reduced when the Ca
content is increased in Mg-Al-Ca alloys. The Ca concentration in the a-
Mg matrix is negligible due to its very low solubility in Mg [37,28].
With increasing Ca/Al ratio fine disc-shaped intermetallic phase pre-
cipitates were formed within the a-Mg matrix, Fig. 2{a-c). However,
quantitative analysis of the composition of the precipitates was not
possible using EDS due to their fine size with respect to the interaction
volhime of the electron beam with the sample when generating the EDS
signal.

Similarly, fine intermetallic phase precipitates in the a-Mg matrix
have also been observed in permanent mold cast and also aged die cast
AXJ 530 [20,40]. Suzuki et al. [79] and Saddock et al. [40] have further
conchided that the fine intermetallic phase is C15 AlyCa Laves phase.
The fine intermetallic precipitates observed in our study form parallel
to the basal plane of the o-Mg matrix, Fig. 2 (a and b), similar to the
obsarvations reported in Refs. [20,40]. It is therefore assumed that the
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Table 2

Varlation of the amount of intermetallic phase and eell size with CasAl ratio.
Alloy Area fraction of intermetallic phass, % Call sime, pm.
Alloy C/A 0.3 5.5 419 + 3.8
Alloy C/A 0.6 6.8 318 + 58
Alloy C/A 1.0 a7 325 + 4.2

Table 3

EDS analysls of the different microstructural constituents and corresponding
phases [15,17,35,36] in alloys C/A 0.3, CFA 006 and C/A 1.0

Mg Al Ca ‘Corresponding
(at. %)  (ab. %) (ab. %) phases
Alloy CFA Spot A 4.4 52 iS4 (Mg, Al)Ca
0.2 Spot B 3.3 502 26.5
Spot C 10,6 .9 .5 AlCa
Spot I 145 576 e
Matrix (- Balamce 1.6 -
Mg)
Alloy €A Spot A 9.8 .5 .7 Mg, AllCa
L6 Spot B 418 26.5 .7
Spot C 0.4 40,2 .4
Spot Ir 5.5 45.0 .4
Matrix (- Balamce 1.0 - -
Mg)
Alloy €A Spot A a4 T 3.9 (Mg, AllzCa
Lo Spot B alo .6 20.4
Spot C =55 18.5 26.0 Mg.Ca
Spot Ir 9.0 17.6 4
Matrix (o Balamce 0.6 = o
Mgl
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PFig. 1. Secondary electron (SE) micrographs of the
microstructures of as-cast a) alloy CAA 0.3, ) alloy
C/A 0.6 and «) alloy C/A 1.0. High resclution back-
scattered electron (BSE) micrographs of the micro-
structures of b)) alloy C/A 0.3, d) alloy G/A 0.6 and £)
alloy C/A 1.0. Characters A, B, C and D highlight the
polnts at which EDS compositional analysls of in-
termetallic phase was done, Table 3.

intermetallic precipitates present in the o-Mg matrix of alloys C/A 0.6
and C/A 1.0 are C15 AlxCa Laves phase precipitates.

Fig. 4 shows EBSD inverse pole figure (IPF) maps of the as-cast al-
loys revealing that the a-Mg dendrite cells form large grains or colonies
consisting of finer a-Mg dendrite cells and Laves phase of the same
crystallographic orientation.

3.2. Mechanical properties

3.2.1. Microhardness

The microhardness of alloys C/A 0.3, C/A 0.6 and C/A 1.0 (Table 4)
show an increase in microhardness with increasing Ca/Al ratio from
50,5 HV in alloy C/A 0.3 to 58.4 HV in C/A 1.0. This increase in
hardness with higher Ca/Al ratio is assumed to be caused by a higher
volime fraction of Laves phases in alloys with higher Ca/Al ratio.
Cracking of the Laves phase skeleton during microhardness testing at
room temperature is observed in all alloys and is shown in Fig. 5 (a and
b} for alloy CrA 1.0

3.2.2, Tensile properties

Fig. 6 (a and b) shows the Y5 (yield stress, op3), UTS (ultimate
tensile strength) and UE (uniform elongation) of alloys C/A 0.3, C/A 0.6
and C/A 1.0 at room temperature and 170°C, respectively. The values
of the Y5, UTS and UE for each alloy at both temperatures are averaged
over at least 3 tests. With increasing Ca/Al ratio, the Y5 increases both
at reom temperature and at 170°C, Fig. 6 (a and b). Alloy C/A 1.0 hasa
¥S of 80 MPa and a uniform elongation of 0.7% at room temperature
while alloy C/A 0.3 exhibits a YS of 61 MPa and a uniform elongation of
3.9% at room temperature. Alloy C/A 0.6 exhibits intermediate Y5, UTS
and UE values in between those of alloys C/A 0.3 and C/A 1.0, A similar
trend was obessrved at 170 °C, where the ¥5 of alloy C/A 1.0 amounts
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Fig. 2. As-cast microstructuras of a) alloy C/A 0.3, b) alloy C/A L&, and ] alloy C/A 1.0 after electro-polishing. Arrows indicate the presence of fine disc-shaped

intermetallic phases within the a-Mg matrix.

to 72.3MPa and 57.6 MPa for alloy C/A 0.3, Fig. 6 b). However, alloy
C/A 0.6 exhibits the highest UE values of the three alloys investigated,
alloy C/A 0.3 displays an intermediate and alloy C/A 1.0 the lowest UE.
Further, the variation of the UTS with Ca/Al ratio was different at room
temperature and 170 “C. Specifically, alloy C/A 1.0 has the lowest UTS
at room temperature, while C/A 0.6 has an intermediate and C/A 0.2
the highest UTS. However, at 170°C the UTS increases with increasing
Ca/Al ratio: Alloy C/A exhibits the highest UTS followed by alloy C/A
0.6 and C/A 0.3, Fig. 6 b).

The true stress-strain curves further show that alloys C/A 0.6 and C/
A 0.3 exhibit a considerable decrease in flow stress with increasing
temperature while alloy C/A 1.0 shows only a marginal decrease,
Fig. 7(a—c).

3.2.3. Local strain distribution and strain partitioning

The microstucture of the Mg-Al-Ca alloys investigated is composed
of two different phases: a soft o-Mg matrix and a hard intermetallic
skeleton. The hard intermetallic skeleton is generally considered as
reinforcement phase which acts as obstacle against dislocation motion
[9]. Therefore, we have used p-DIC to study the local strain distribution
at the microscopic scale during tensile deformation at 170°C in alloy C/
A 0.6 as this alloy exhibits an intermediately interconnected Laves
phase network and the highest uniform elongation. Fig. # a) shows an
SE micrograph of the un-deformed material. The white speckles visible
on the sample surface are Alo0 particles which were deposited on the
sample surface to measare the local displacements and, hence, strain.
Fig. &b) and ¢} show the same sample area after deformaton to 4%
global strain at 170°C and the corresponding local won Mises strain
map. Most strain localisation is ohserved at a-Mg-Laves phase inter-
faces, as highlighted in the enlarged local von Mises strain map in Fig. &
d). Additionally, strain concentration occurs along bands inclined by
~45" and ~70° to the tensile axis. Purther, cracks in the Laves phases
are observed in the regions of high local von Mises strain (red and
vellow arrows in Fig. & b) and by red, yellow and black arrows in Fig. &
di

(a) k)

'

A

20pm

3.2.4. Creep properties

Tensile creep tests were performed on all three alloys at stress levels
of 50, 60 and 70 MPa at a temperature of 170°C. The temperature and
stresses were selected according to the stress and temperature levels
required for elevated temperature sutomotive applications such as in
powertrains [7,20,41].

Fig. 9 shows the creep strain-time curves of alloys C/A 0.3, C/A 0.6
and C/A 1.0 obtained at a creep stress of 50 MPa (a]), 60 MPa (b)) and
7O MPa (c])). At a creep stress of 50 MPa all three alloys show a similar
creep response with maximum creep strains of 0.19, 0.18 and 0.15% for
alloys C/A 0.3, C/A 0.6 and C/A 1.0, respectively, after 100h, Fig. 9 &).

However, when the stress level is increasad to 60 MPa, alloy C/A 1.0
exhibits the lowest creep rate and creep strain, while alloy C/& 0.3
displays the highest values, Fiz. @ b). A similar creep behaviour is ob-
served at a stress level of 70 MPa, Fig. 9 ¢l

Further, the minimm or secondary creep rate was also lowest for
alloy C/A 1.0at all stress levels investigated. The relationship between
the secondary creep rate and the stress level for the alloys C/A 0.3, C/A
0.6 and C/A 1.0 is given in Fig. © d). The values of the minimum crasp
rate were calculated from the slope of stage 2 creep in the creep strain-
time curves. The walue of the stress exponent, n, decreases with in-
cresing Ca/Al ratio and is lowest for alloy C/A 1.0 (5.4) and highest for
alloy C/A 0.3 (11.1).

4. Discussion
4.1. Microstructure of the as-cast Mg alloys

The CafAl ratio has a considerable effect on the composition,
morphology and distributon of Laves phases in the Mg-Al-Ca alloys
investigated, Fig. 1, Tables 2 and 3. The type of Laves phases formed
during casting changes from Al=Ca and (Mg, Al)2Ca in alloy C/A 0.3 to
(Mg, Al);Ca in alloy C/A 0.6 and finally to MgzCa and (Mg,Al);Ca in

alloy C/A 1.0
The formation of the different Laves phases during solidification of

B - % -
o) :

e

Fig. 3. a) Microstructure of alloy C/& 1.0 after electro-polishing b) IPF map of the rectangular (white) region in (g). Unit cells indicate the crystal orlentation of the o-

Mg phase.
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Mg

0Do1 2{in

Fig. 4. 5E micrographs and IPF maps of the as-cast alloys showing large grain/colony sizes present in the as-cast alloys. a), ¢} and &) show the microstructural area on
which EBSD seans were performed for alleys C/A& 0.3 (), C/A 06 () and C/4 1.0(e). b)), d) and ) show the comresponding IFF maps.

Table 4

Microhardness of as-cast alloys at room temperatura.
Alloy Microhardness (HV)
C/A D2 S05 + 44
C/A QG 532 = 20
C/A LD S84 + 3.1

Mg-Al-Ca alloys with different Al and Ca contents has been studied by
Ozturk et al., Suzuki et al. and Liang et al. [12,42,43]. Liang et al. [43]
have reported that in Ca modified AMSO0 alloys with a Ca content of
062 wid Mg Al ., AlyCa and a-Mg form during solidification. They
[42] have further observed that in Ca modified AMS0 with a higher Ca
content of 1.63 wt%, the formation of Mg,Al,; was completely sup-
pressed and the eutectic reacton L— a-Mg + (Mg Al).Ca was the last
step during solidification resulting in a microstructure consisting of a-
Mg and (MgAl),Ca phase. Kondori et al. [35] observed in their work
the formation of Al,Ca Laves phase in an AMG0 alloy containing 2 wit%
Ca. Suzuli et al. [42] have observed the presence of (Mg, Al)zCa Laves
phase embedded in the a-Mg matrix in Mg-3.9A1-1.9Ca and Mg-841-3Ca
alloye. These studies [35,42,43] are consistent with the present work,
where in alloy C/A 0.3 no Mgy7Al 2 precipitates were observed and the
microstructure consisted of a-Mg + AlCa+ (Mg,Al).Ca phase at room
temperature. Similarly, (Mg, AljzCa Laves phase was present in alloy C/
A 0.6

Further, it has been reported that in alloys with a Ca/Al ratio =0.75

the MgaCa phase can also form during solidification [42]. Suzuki et al.
[42] have observed that the room temperature microstructure of Mg-
3.94A1-3.8Ca and Mg-8Al-6Al alloys consisted of the three phases a-
Mgz + (MgAl),Ca + MgsCa [42]. In the same study [42], it was also
reported that in these alloys (Mg, Al),Ca forms first during solidification
as a result of the reaction L — a-Mg + {Mg,Al)zCa (in the temperature
range of 807-789K) and MgyCa forms later as a result of the eutectic
reaction L — a-Mg + MgaCa (787 K). However, when considering the
small differences in the eutectic temperatures, they [42] have further
conchided that a ternary eutectic transformation following L — a-
Mg + (Mg.AlRCa + MgoCa might be possibile in some Mg-Al-Ca al-
loys. A similar microstructure consisting of the three phases o
Mgz + (MgAl)Ca + MgoCa is also observed in alloy C/A 1.0 in the
present study, in line with the above mentioned study.

In the present study we further observed that the volume fraction of
Laves phase increases with increasing Ca/Al ratio. This is attributed to
the types of Laves phases present in tha different alloys. In alloy C/A 0.2
(Mg, Al)zCa and AlzCa Laves phases were observed (Table 2) which
both contain less Mg than MgyCa. The Laves phases present in alloys C/
A 06 and C/A 1.0 are (Mg, Al)sCa Laves phase and (Mg,
Al),Ca + MggCa, respectively, hence, the amount of Mg incorporated in
the Laves phases incremses with increasing Ca/Al ratio in the alloys
mvestigated.

Blpm

Fig. 5. a) and b) Micro-indent in the alloy C/A 1.0 revealing cracks in the Laves phase
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Fig. 6. Varatlon of Yield Strength, Tensile Strength and Uniform Elongation with Ca/Al ratio a) at room temperature, b)) at 170 *C.

4.2. Mechanical properties

4.2.1. Microhardness

The microhardness increases with increasing Ca/Al ratio, Table 4.
Similarly, Elamami et al. [44] have observed an inecrease in the micro-
hardness with increasing Ca/Al ratio in Mg-Al-Ca alloys. This increase
i hardness with mcreasing Ca/Al ratio is assamed to be due to the
higher volume fraction of Laves phases formed, as intermetallic Laves
phases have a much higher hardness than the soft a-Mg phase. The
hardness of pure Mg amounts to 36.3 HV, while the addition of Al has
been reported to increase the hardness to 44.5 HV in as-cast Mg-3A1 and
slightly above 46 HV in as-cast Mg-6Al [45]. The as-cast alloys C/4 0.3,
C/A 0.6 and C/A 1.0 investigated in the present study contsin similar
amounts of Al (C/A 0.3: 5.44 wtds, C/A 0.6: 4.7 widh, C/A 1.0: 3.68 wt

%) but higher hardness vahias (Table 4) indicating that the strength-
ening effects induced by sohte Al atoms and Mg Al ; precipitates is
less than that induced by solid solution and Laves phase strengthening
in the present study.

4.2.2, Tensile properties

Consistent with the trend observed for the hardness values, the Y5 of
the alloys investigated increases with increasing Ca/Al ratio as evident
from the tensile test results at room temperature and 170°C, Fiz. 6 {a
and b). On the other hand, the UE and UTS decrease with increasing
Ca/Al ratio at room temperature. These results are in agreement to
those reported by Nakaura et al. [46] who similarly observed an in-
crease in Y5 concomitant with a decrease in UE and UTS with in-
creasing amount of Ca in Ca modified AMS0. This is interpreted by the

(a) (b)
——RT ——RT
m 120 {——170°C @ 120 ]——170°C
o o
= =
") "]
E 80 - E 80 -
s Alloy C/A 0.3 i Alloy C/A 0.6
40, C 404
(= (=
0 . - - . . . - y 0 - . . . . . - .
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o
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Fig. 7. True stress-straln curves at room temperature and 170°C a) of alloy C/A 0.3, b) of alloy CFA 0.6 and ) of alloy CA/A 1.0,
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~45* to
tensile axis

Fig. 8. a) SE micrograph of Un-deformed C/A 0.6 sample (white particles are 4l303), b)) SE micrograph after 4% global tensile strain at 170 °C. Blue arrows represent
the tenslle loading direction while red and yellow arrows show the cracks in the Laves phases, ¢ and d) won Mises technleal strain map for the strained microstructure
shown in b). Cracks in the Laves phase are highlighted on the strain map in d) by red, yellow end black arrows. (For Interpretation of the references to colour In this

figure legend, the reader i referred to the Web version of this article)

change in the volume fraction and interconnectvity of Laves phase in
the different alloys in this study.

Further, Fig. 10 (g, c and d) shows that cracks prefer to nucleate and
grow along the intermetallic phase during tensile deformation. Fur-
thermore, cacks were also observed inside the AlyCa intermetallic
needle-shaped precipitates within the a-Mg phase, as evident from the
fracture micrograph of alloy C/A 0.6 (Fig. 10 c]). It is therefore con-
cluded that alloy C/A 0.3, which contains the least amount of inter-
metallic phase shows the highest elongation to fracture as the a-Mg
matrix might impede growth of cracks formed in the Laves phases. This
is further evident from the fracture micrograph of alloy C/A 0.3 where
cracks propagate through the soft and more ductile o-Mg phase due to
the low interconnectivity of the Laves phase network in this alloy (see
Fig. 10 b)), In contrast, alloy C/A 1.0 exhibits the lowest UE as cracks
can easily propagate through the interconnected Laves phase network,
Fig. 10d).

The fracture micrograph of alloy C/A 1.0 after tensile test at 170 “C
(Fig. 10 d)) shows that cracks prefer to propagate through the Laves
phase even at elevated temperature, which explains why the tensile
elongation of alloy C/A 1.0 is lower than those of alloys C/A 0.3 and C/
A O.6at 170°C. Xu at al. [48] have also observed that during high
temperature tensile testing cracks nucleate and grow preferentially in
the intermetallic phase. However, the UE of alloy C/A 0.6 was higher
than that of alloy C/A 0.2 at 170 °C. This is assumed to be caused by the
activation of additional interfacial deformation modes, i.e. grain and

phase boundary sliding. For example, Zhang et al. [47] have observed
interfacial (a-Mg/eutectic intermetallic phase) cracking and sliding
during high temperature creep studies of an as-cast Mg-5Al-5Ca-25n
alloy. Similarly, in our work the formation of cracks in the Laves phase
and interfacial sliding is observed in alloy C/A 0.6 after tensile de-
formation to 5% global strain at 170°C, Fig. 10 (e and f). This interface
sliding is assumed to contribute to the accommodation of shape changes
of the matrix phase in case of an intermediately connected Laves phase
network. In contrast, in alloy C/A 1.0 a fully interconnected, and con-
sequently intrinsically rigid, Laves phase network is presant Conse-
quently, the eutectic regions tend to stay rigid and interfacial sliding
might even induce cracks due to this intrinsic rigidity of the fully in-
terconnectad skeleton. In alloy C/A 0.3 on the other hand, which
contains only a disconnected Laves phase network, the potential con-
tribution of interfacial sliding is thought not to become substantial
enough to be macroscopically measurable. This is assumed to be the
reason why alloy C/A 0.6 possesses a higher uniform elongation at
elevated temperature (170°C) than alloys C/A 0.3 and C/A 1.0.

The quasi in-situ p-DIC results of alloy C/A 0.6 8t 170°C have fur-
ther revealed bands of localized strain at an angle of 45° to the tensile
axis (i.e. geometrically highest shear stress) and at the interfaces be-
tween a-Mg and Laves phase, Fig. S(a—d). Additonally, cracks were
obsarved in regions of high strain concentrations in the Laves phases
and these cracks grow further with deformation and eventually cause
material failire along the Laves phase network.
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Fig. 9. Creep curves for the three alloys investigated at 170°C a) at 50 MPa, b) 60 MPa, c) 70 MPa. d) Relationship between minimum creep rate and appled stress

with stress exponent, n.

Hence, it is concluded that because of a higher amount and inter-
connectivity of Laves phases, the stress is carried more efficiently by the
ntermetallic skeleton, resulting in higher shielding of the a-Mg matrix
and, consequently, higher ¥5, UTS and creep properties at a tempera-
ture of 170°C (see section 4.2 for further details).

4.2.3. Creep properties
The minimum creep rate, £, of Mg-Al-Ca based alloys is related to
the stress and temperature via a power law equation [5,20]:

(1

where ¢ is the stress, A is a material constant, n is the stress exponent, Q
is the activation energy, R is the general gas constant and T is the
temperature.

The n and Q values can be nsed to estimate the active creep me-
chanisms. For most of the Mg-Al alloys, n values close to 2 are asso-
ciated with grain boundary sliding, while n valuas of 3-6 are associated
with dislocation creep and higher n walues (> 8) are associated with
power law breakdown creep [8,20,46,49,50]. A Q value of 30kJ/mol is
associated with grain boundary sliding in conjunction with dis-
continucus precipitation of Mg Al ; phase in Mg-Al alloys, while §Q
values close to 8D kJ/mol are associated with grain boundary diffusion
[7,5,20,46,51]. A Q vahie of 100 kI/mol has been attributed to ther-
mally activated cross-slip and a @ value of 135k]/mol to dislocation
climb (135 kJ/mol is also the activation energy of self-diffusion of Mg)
[7,8,16,20,46,49,52]. Table 5 summarizes n and Q values and the re-
lated predominant creep mechanisms of various Mg alloys published in
the literature.

E=A::r“f'-.l$
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The stress exponents, n, obtained in the present study amount to
11.1 for alloy C/A 0.3, 10.5 for alloy C/A 0.6, and 5.4 for alloy C/A 1.0.
A general trend is, that n decreases with increasing Ca/Al ratio. This is
in agreement to the work of Nakaura et al. [45], although the absohiten
values measured in the present study are a bit higher. The stress ex-
ponents measured in the present study indicate that the active creep
mechanism in alloy C/A 1.0 is predominantly dislocation climb con-
trolled creep (n = 5.4) while power law breakdown (PLB) occurred
predominantly in alloys C/A 0.6 (n = 10.4) and C/A 0.3 (11.1). It is
relevant to mention here that the possibility of dislocation climb even in
the PLB regime cannot be excluded [53,54]. Terada et al. [52] have
suggested this mechanism for an AX52 Mg alloy which exhibited similar
stress exponents as alloys CfA 0.2 and C/A 0.6 in the present stady. The
activation energy in the PLB regime has been computed to be either
very close to or slightly higher than the activation energy required for
self-diffusion of Mg atoms (125k]/mol) [7] and inter-diffusion of Mg-
Al solid solutions (143kJ/mol) [7,16,52]. Relatively high stress ex-
ponents in precipitation or dispersion strengthened materials have also
been observed previously and were often related to dislocation climb as
it has been assumed that in such alloys the actual stress on dislocations
is decreased due to interaction of dislocations with obstacles [55-50].

Post-creep microstructure analysis of specimens tested at 70 MPa
reveals fewer cracks in the Laves phases in alloy C/A 1.0 than in alloy
C/A 0.6 where several cracks are visible in the intermetallic phase,
Fig. 11(a and b). Alloy C/A 0.3 also exhibited small cracks in the in-
termetallic phase, similar to alloy C/A 0.6. The higher creep strain
present in alloys C/A 0.3 and C/A 0.6 is assumed to be possibly the
main reason for the higher crack demsity in the intermetallic phase
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(b}

Crack propagating in ¢-Mg
phase

GO0 pm

1 ey

Fig. 10. a) and b) Fracture surface of alloy C/4 0.3 after tensile test at room temperature, ¢} microstructure after fracture (cracks within the AlyCa Laves phass In the
oMz matrix are highlighted by the white arrows), d) fracture surface of alloy C/A 1.0 after tensile test at 170°C, e) microstructure of alloy C/4 0.6 In-sltn deformed
to 5% global strain at 170°C (red arrows highlight the cracks in the Laves phase), and f) SE image at 70° tilt (green arrows Indicate interfacial sliding). (For
interpretation of the references to colour in this figure legend, the reader 15 referred to the Web version of this article.)

Table 5
Creep data of high temperature Mg alloys.

Al Ca Mo S Temp ("C) Stress (MPa) n Q (e /mal) Creep Mechanism
ACS2" [E] 4.5 19 0.27 - 100-200 4270 15 40 Grain boundary diding
ACSZ" [E] 4.5 19 0.27 - 100-200 o7 &5 120 Dislocation creep
AMS0 [4£] 4.98 - 0.22 - 150-200 ;-0 55 - Dislocation creep
ACS10F [45] 5.2 089 0.22 - 150-200 ;-7 a2 - Dislocation creep
ACS1E [45] 502 L5 0.22 - 150-200 ;70 i3 41 Grain boundary diding
ACSCE1520" [46] 5.26 l.63 0.27 022 150-200 ;-7 L7 G0 Grain boundry diffusion
AJ4Z [20] 4.1 - 0.27 217 150-200 S0-60 213 - Dislocation creep
AJ4Z [20] 4.1 - 0.27 217 150-200 6080 12.39 1z:3.3 Power-law breakdown
AJ4E [20] 4.05 - 0.26 21 150-200 S0-65 17 - Dislocation creep
A4 [20] 4.06 - 0.26 21 150-200 6580 17.41 9l Power-law breakdown
ATCAL1" [20] 2LE7 0.85 0.28 084 150-200 S0-80 75 B22 Dilocation creep + Grain boundary sliding
ATCAZ1" [20] a7 Lol 0.2l 222 150-200 S0-80 35 699 Dilocation cresp + Grain boundary sliding
AXEZ [51] 4.58 172 0.29 - 150225 40-100 16-9 221-164 Dislocation chimb
AX44" [40] 2.8 a5 0.01 - 100-175 <90 4.7 - Power law creep
AJ44" [40] 2.8 - o.02 42 100-175 < B0 17.5 - Power law creep
AXTS20° [40] 5.2 2.6 0.20 017 100-175 6090 4.9 - Power law creep
AMTS20" [40] 5.2 2.6 0.20 017 100-175 B0-100 67 - Power law creep
" die cast.

b permanent mold cast.
® water cooled permanent mold cast.
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Fig. 11. a) Microstructure of alloy C/4& 1.0 after creep at 70 MPa, b) microstructure of alloy C/A 0.6 after creep at 70 MPa. Red arrows indicate cracks in the Laves
phases. (For interpretation of the references to colour In this figure legend, the reader is referred to the Web version of this article.)

compared to alloy C/A 1.0, Fig. 9 ¢). In line with our observations, it
has been reported before that the collapse of eutectic intermetallic
phases can cause a deterioration of the creep propertes [9,52].

The high creep strain, minimmm creep rate and n values of alloys C/
A 0.3 and C/A 0.6 when compared to alloy C/A 1.0 are assumed to be
related to their lower ¥S. Both, low Y5 and high creep strain and creep
rate are likely to be caused by the lower vwolume fraction and inter-
connectivity of Laves phases in alloys C/A 0.3 and C/A 0.6 than in alloy
C/A 1.0, During creep many dislocations are thought to be introduced
during the instantsneous plastic strain since the stress level of 60 and
70 MPa is above the tensile ¥5 of alloys C/A 0.3 and C/A 0.6 (Fig. 6 b))
Further, it has been reported previcusly that the n walue increases
considerably if the creep stress level is above the tensile Y5 [52]. The
relation betwesn the ¥5 and the creep strain and rate is further evident
when the creep strain of all three alloys investigated are compared at a
similar stress level with respect to their ¥S at 170°C, e.g. at ~0.850,4
and at ~ 1.0z, Fiz. 12, When comparing the creep properties of alloy
C/A 1.0 with those of alloys C/A 0.3 and C/A 0.6 at a similar stress lavel
with respect to their Y5, Fig. 1Z (a and bj, the creep properties of alloy
C/A 1.0 are indeed comparable to the other two alloys. This indicates
that the lower creep strain and rate observed for alloy C/A 1.0 is related
to its higher ¥5, presumably caused by the higher wolume fraction and
interconnectivity of Laves phases in this alloy.

Generally, higher minimum creep rates were measured in the pre-
sent study when compared to literature data on die-cast Mg-Al-Ca alloys
[2,19,40,46]. This is likely to be due to the large grain size of the
permanent mold cast alloys investigated in the present study, Fig. 4. A
similar phenomenon has been reported by Refs. [19,40] where it has
been shown that die-cast Mg-Al-Ca-5r alloys with a small grain size

(a)
1.6+

—Alloy C/A 0.3 (-0.87a;2)

g Alloy CIA 0.6 (~0.850; )
= 1.2 {——Alloy C/A 1.0 (~0.830;5)
I
& o8
O 044

_—

] 50 100 150 200
Time (hrs)

exhibit lower minimum creep rates than permanent mold cast Mg-Al-
Ca-Sr alloys with a large grain size [19,40].

4.3. Significance of the Ca/Al rotio in designing Mg-Al-Ce alloys

It has been observed in the present work that during tensile testing
cracks prefer to initiate and propagate in the Laves phases as evident in
Fig. 10 (a, ¢, d and e). Crack formation in Laves phases was also ob-
served in the region underneath a micro-indent and in post-creep mi-
crostructures. The fact that the cracks initiated inside Laves phases and
not at the interfaces of Laves phases with the a-Mg matrix indicates that
efficient stress transfer is occurring from the soft and more ductile a-Mg
matrix to the hard and strong (but brittle) Laves phases in these alloys
and that the Laves phases also undergo strain (at least to some extent].
Otherwise the strain concentrations at Laves phase/a-Mg interfaces
(Fig. 8) would have censed de-cohesion/cracking at the interfaces and
not inside the Laves phases (some amount of interfacial sliding occurs at
1710 °C (Fig. 10 {))) Amberger et al. [11] observed that the load carried
by the intermetallic phase rises with increasing Ca content in Mg-Al-Ca
alloys primarily because of the increase in the nterconnectivity of the
Lawes phases as the intercormected skaleton carries more load than only
loosaly connected intermetallic phases. This explains also why in the
present work the flow stress increases with increasing Ca/Al ratio, both
at room and elevated temperatures, along with creep resistance. So, for
designing Mg-Al-Ca alloys with superior creep resistance, a higher Ca/
Al ratio is favorsble but a compromise has to be made in terms of
ductility. The optimmm combination between creep resistance and
ductility might lie anywhere between a Ca/Al ratio of 0.6 and 1.0.

(b)
16+
Alloy CIA 0.3 (~1.04c,.)
5  |——AloyCiA0S6 (~1.020,,)
& 1.2 {——plloy C/A 1.0 (~0.960, )
=
™
=
»
:
(8]
—_—
1] 50 100 150 200

Time (hrs)
Fig. 12. Creep curves at 170C of all alloys at stress levels relative to their ¥5 of a) ~0.850, 7 and b) ~ 1.0 5.
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5. Conclusions

We investigated the effects of the Ca/Al ratio on the microstructure
formation, tensile and creep properties of as-cast Mg-Al-Ca alloys at
room temperature and 170 °C using mechanical testing, p-DIC, SEM and
EBSD. The following conchisions are drawn:

# With an increase in the Ca/Al ratio, the volume fraction of Laves
phases increases concomitant with a change in their morphology:
from a disconnected network (at Cas/Al = 0.32) to a fully inter-
connected skeleton (at Ca/Al = 1.03).

The Ca/Al ratio is an effective tool to control the types of Laves
phases formed in Mgz-Al-Ca alloys: from Al;Ca and (Mg, Al),Ca Laves
rhases at low to (Mg,Al);Ca and Mg;Ca Laves phases at higher Ca/
Al ratio.

The amount of Al dissolved in the a-Mg matrix decreases with an
increase in the Ca/Al ratio. Additionally, needle-shaped Al,Ca pre-
cipitates parallel to the basal plane of the o-Mg matrix were ob-
served in alloys with Ca/Al = 0.62 and 1.03.

The microhardness and ¥5 of the alloys increase with increasing Ca,/
Al ratio as the volome fraction and network interconnectivity of the
Laves phases increases.

With increasing Ca/Al ratio, the flow stress of the alloys increases
and the UE decreases. The higher volume fraction of interconnected
Laves phases with increasing Ca/Al ratio carry a higher load re-
sulting in higher flow stresses. On the other hand, the UE decreases
with increasing Ca/Al ratio as cracks tend to nucleate and propagate
in the Laves phases.

Strain maps generated from quasi n-sitn p-DIC measurements in the
SEM show that the strain concentrates within the a-Mg grains at an
angle of 45" (in regions experiencing the highest shear stress) and at
the mterfaces of a-Mg and (Mg, Al)zCa Laves phases. Cracks were
formed in the Laves phases at points of high strain localisation in the
microstructure. These cracks grow and propagate in the Laves
phases until the material breaks.

Within stress levels of 50-70 MPa, the alloy with the highest Ca/Al
ratio exhibited the best creep properties at 170°C. With increasing
Ca/Al ratio, the stress exponent, n, and minimum creep rate de-
crease. This is related to the higher ¥8 with increasing Ca/Al ratio.

51, Outlook

The present study demonstrates that there is a huge potential for
manipulating the mechanical properties of as-cast Mg-Al-Ca alloys by
controlling the amount, type and distribution of Laves phases.
However, the role of the individual microstuctural components (a-Mg,
Laves phase, interfaces of both phases) during plastic deformation of
this alloy system at various temperatures is still not fully clear and
requires further investigation in future studies.
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This publication discusses the distribution of strain at microstructural level and summarises the
micro-damage nucleation behaviour in Mg-5A1-3Ca 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 2" and 3 research question laid down in the section 1.1.

48



Research Publication 2 — Strain heterogeneity and micro-damage nucleation under tensile
stresses in an Mg-5A1-3Ca alloy with an intermetallic skeleton

Materials Science & Enginearng A 767 (2019) 138414

Contents lists available at SdenceDirect

Materials Science & Engineering A

journal homepage: www.alsavier.com/locate/msea e

Strain heterogeneity and micro-damage nucleation under tensile stresses in M)
an Mg-5Al1-3Ca alloy with an intermetallic skeleton T

M. Zuhai:“"”*, S. Sandldbes-Haut®, M.A. Wollenweber”, K. Bugelnig®, C.F. Kusche”, G. Requena",

5. Korte-Kerzel®

* lnstitte for Physical Metallurgy and Materials Plysics, RWTH Aachen University, Koperndlusar. 14, 52074, Aachen, Gamaoy
b D Metnlbrgical and Marriak Eagneering, &.T Road, UET Lahore, Lohare, Pakistan

© German Asropace Centre, Linder Hihe, 51147, Cologne, Germany

ARTICLE INFO ABSTRACT

Keywards: Straln heterogenelty at the microstructeral level plays a vital role In the deformation and fractue behavlour of
pDIC dual or multl-phase materials Inthe present work, the straln heterogenelty, locallbation and partitondng arsing

Strain heterogeneity at the sub-micron scale during elevated temperature {170 °C) tensile defermation of an Mg—5A1-3Ca alloy was
Ealer number Investigated using quasi n-situ p-DIC experiments. The results reveal that the straln Is malnly carrled by the a-
'D‘:I‘:_:“ e Mg phase, while the bytermetallic Laves phase plays a critical mle n that straln coeentrations bulld up at fe o-
High tesng E e T Mg matrlx and Laves phase nterfaces, hence, reduclng the overall deformability of the alloy. In quasl In-sltu and

bulk materlal analysls at elevated temperature, cracks were observed to nucleate In the Laves phase, at 1) the
Intersectbon podnts of slip lnes in the a-Mg matrbe with the Laves phase and 1) the twin ntersect lons wlth a-Mg.
Laves phase Interfaces and 1) twin transmisslons across a-Mg/Laves phase Interfaces. Fuler number analysls has
shown that the {Inter-)conmectivity of the Laves phase decresses with deformation. Finally, cracks grow pre-
ferentially along the Laves phases untl] the matertal fracires.

1. Introduction

During the last years, Mg-based alloys have attracted attention of
many researchers around the globe, particularly due to their low den-
sity, low cost and high availability [1,2]. Al is the main alloying ele-
ment of most commercial Mg alloys (Al-Zn or Al-Mn) as it enhances the
strength and hardness and also the corrosion resistance and castability
[2,3). However, the high temperature mechanical properties of Mg-Al
alloys are poor, mainly because of the presence of MgizAlia as inter-
metallic precipitate phase in the microstructure. MgizAly; has a low
thermal stability and readily softens at temperatures above 130°C
[4-5].

Ca addition to Mg-Al alloys can considerably enhance the elevated
temperature mechanical properties like yield strength [7], tensile
strength, creep properties [5-11] and thermal stability [4). This is be-
cause Ca addition suppresses the formation of the Mgy Alyx phase with
a low thermal stability and promotes the formation of harder Laves
phases with a higher thermal stability. At low concentrations, Ca tends
to dissolve in the matrix and in the second phase (Mg,7AlL 5), thereby,
enhancing its thermal stability [4]. Once the Ca concentration exceeds a
critical value, the Laves phase starts to appear in the microstructure.

Specifically, Kondori et al. [4] observed i) only MgizAlia as second
phase in AM&0 and modified AMG0 containing 0.5 wi% Ca, ii} a com-
bination of MgizAlz and AlxCa Laves phase in modified AMG0 with
1.2 wi% Ca addition, and iii} only AlyCa Laves phase when the Ca
content was 2.0 wi%. The two other Laves phases of the Mg-Al-Ca
systemn, namely, (Mg,Al)xCa and MgyCa, were also reported to form in
Mg—Al-Ca alloys [12-15]). It was reported that the Ca/Al ratio controls
which Laves phases form: the type of Laves phase changes from Al.Ca
{ElS}tﬂ{L{&M}ﬂ:atﬂﬁ} and MgaCa (C14) with variation of the CasAl
ratio from 0.3 to 1.0 [12,16].

The alloy Mg-5A1-3Ca (in wt.%) (from here omwards referred to as
AX53) has a dual phase microstructure, containing a hard intermetallic
sheleton of (Mg,Al)2Ca Laves phase embedded in a soft a-Mg matrix
[16]. Due to significantly different intrinsic mechanical properties of
the different phases (o-Mg matrix and Laves phases) [17-19], a highly
heterogeneous strain distribution was reported for Mg-Al-Ca alloys
[16,20]. In addition, the volume fraction, morphology, distribution,
and orientation relationship between matrix and second phase can af-
fect the strain heterogeneity. Strain heterogeneity usually results in
nificantly affecting the mechanical and fracture behaviour of dual or
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multi-phase materials [21-23]. Analysis of the strain distribution and
partitioning from the grain level down to the sub-micrometer scale can
provide valuable insights regarding the mechanical and fracture beha-
viour of multi-phase Mg-Al-Ca alloys.

Several recent studies focused on the evaluation of grain level strain
heterogeneities in multi-phase materials [21,23,24]. Digital Image
Carrelation (DIC) is an advanced method to quantitatively measure the
under complex stress states [22,24-35). In DIC, images of the same
sample area before and after straining are correlated by measuring and
quantifying the local relative displacements before and after deforma-
tion. In order to quantify the relative displacements, speckles or small
particles are deposited on the sample surface and the relative dis-
placement of the speckles are correlated for the deformed and un-de-
formed image [25). The local relative displacements are commonly
considered to result from strain in the microstructure. A small speckle
size or use of nanoparticles such as 5i0; or Aly 05 enables to measure
the local strain at a sub-micrometer scale using scanning electron mi-
croscopy (SEM) as demonstrated e.g. by Dutta et al. [21] for a medium
Mn steel and Zubair et al. [16] for Mg-Al-Ca alloys.

In the present work, the strain distribution and partitioning between
the a-Mg matrix and the (Mg.Al).Ca Laves phase evalving during de-
formation in the dual phase AX53 alloy was investigated using high
resolution sub-micrometer scale quasi in-situ experiments coupled with
DIC and electron backscatter diffraction (EBSD). The tensile and frac-
ture behaviour of alloy AXS3 was also studied using quasi in-situ and
ex-sit deformation experiments in SEM. To evaluate any changes in the
connectivity of the Laves phase network during deformation, the Euler
number was used as a mathematical method to express the connectivity
of objects and to measure the effect of deformation on the (loss of)

connecti vity [36].

2. Experimental methods

Pure Mg, Al and Ca were maolten and solidified in an induction
furnace with a pressure of 15bar argon using a steel crucible. The
global chemical composition of the as-cast alloy was measured using
wet chemnical anal ysis, Table 1,

Samples for microstructure analysis were metallographically pre-
pared by mechanical grinding and polishing, electrolytic polishing and
a subsequent final mechanical polishing step. First, the samples were
mechanically ground down to 4000 SiC emery paper and then me-
chanically polished using 3pm and 1pm diamond suspension.
Subsequently, the samples were electro-polished wing the AC2
(Struers) electrolyte (electro-polishing was needed to prepare good
surfaces for EBSD analysis). The temperature, time and voltage of
electro-polishing were = =20°C, 60s and 15V, respectively. Due to
the different electrochemical behaviour of Mg and the Laves phase,
electropolishing produced a waviness at the sample surface. Finally,
this waviness was removed via mechanical polishing using OPU
(~40nm 5i0; colloidal suspension) followed by cleaning in an ulira-
sonic bath and softly rotating on a clean cloth wsing ethanol az a
cleaning agent. For p-DIC, the sample was not deaned and the residual
nano-sized Si0; particles acted as speckles (a necessary prerequisite for
strain partitioning analyses using DIC)L. An acceleration voltage of
10-20kV was used to characterize the as-cast and deformed micro-
structures as described in detail in [16]. Energy dispersive X-ray spec-
troscopy (EDS) was carried out at the lower voltage of 10 kV and the
higher voltage of 20kV was selected for secondary electron (SE)

Tahle 1

Compositlon of the as cast alloy.
Aoy Al (wt W) Ca (wt W) Fe {wi%]) Mg (wi%)
ANED 5 a8 0008 balance
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imaging, back-scattered electron (BSE) imaging and electron back-
scatter diffraction (EBSD). Image J, OIM and Chamnel 5 were used to
analyse the images and data. In order to investigate large mi-
crostructural areas at a sub-micrometer scale resolution, panoramic
imaging was extensively used within this study for p-DIC and fracture
analyzis. The software used for image stitching was Image Composite
Editor (ICE) [37].

For the evaluation of the change in local connectivity of the 2D
Laves phase network as a function of composition and deformation,
SEM images of the same sample positions before and after tensile de-
formation were used. Images taken on the sample prepared in this work
were further compared with samples possessing different Ca/Al ratios
produced in the same way and discussed in terms of their mechanical
properties in our previous work [16]. Images were smoothed with a
bilateral filter and the 2D networks were segmented using global gray
value thresholds. The segmented networks were then labeled so that a
different color was assigned to each individual Laves phase segment.
Afterwards, the local comnectivity of the 2D segmented Laves networks,
ie. the amount of connecting branches of the network, was quantita-
tively evaluated using the software Avizo Fire 9.5 by means of the Euler
number, ¥, as a topological parameter [36,38]. This parameter reveals
changes in local connectivity in complex network structures. In two
dimensions, the Euler number can be caleulated as follows:

x=b—b o

where by is the number of objects and by the number of holes within the
object [39]. Variations in the Euler number indicate a change in local
connectivity. More specifically, a decreasing Euler number indicates an
increase of local connectivity and vice versa [36,38].

An electromechanical testing machine (ETM) was used to carry out
tensile deformation of standard dog bone shaped specimens having a
gauge length of 10mm at room temperature (RT) and 170°C. This
temperature was selected based on the temperatures required for ap-
plications like automotive powertraing [40,41] and was also used in a
previous study [16]. At least three tests were carried out at both tem-
peratures. An initial strain rate of 5 » 107 %5~ " was selected for tensile
testing at RT and 170°C. A linear variable differential transformer
(LVDT) extensometer was used to measure the elongation of the spe-
cimens during tensile deformation. Quasi in-situ p-DIC experiments
were done using SEM (Zeiss LEO1530) to study the distribution of strain
at the sub-micrometer level during tensile deformation at 170 °C. The
sample was deformed stepwise at 170°C in an ETM and monitored
using SEM after certain pre-defined deformation steps of 3, 4 and 5%
global strain. The local strain was determined using the ARAMIS GOM
Correlate software. For deformation and fracture analysis, the samples
were deformed both, quasi in-situ and ex-situ.

3. Results
3.1. Microstructure analysis

The microstructure of as-cast AXS53 is shown in Fig. 1 (a). EDS point
analysis of the Laves phases was performed as highlighted by the
characters A — D in Fig. 1 (b) and the corresponding compositions are
listed in Table 2.

The area fraction of intermetallic phase amounts to around 7.3%
and the mean dendrite cell size (as caleulated using the linear intercept
method, ASTM E 112-12) is 285 #* 34pm in the as cast alloy, The
grain size of the o-Mg matrix is much larger than the dendrite cell size
as can be seen from the inverse pole figure (IPF) map in Fig. 2. The
average grain size of the o-Mg matrix is 1835 = 725 pm (determined
using the same procedure ie. according to ASTM E 112-12).

3.2 Tensile properties

Fig. 3 (a) represents the true stress-strain curve of the as-cast alloy at
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Flg. 1. {&): 5E micrograph of the microstruc ture of as-cast alloy AXSS, (B) high resoluton BSE image of the alloy. Compositional analysis of the Laves phases via EDS
was performed on the polnts marked by the chamacters A, B, Cand D, see Table 2.

Tahle 2
Compositlonal analysls of the Laves phases In alloy AXS3 wing EDS.

Spats Mg (=t %) Al{st %) Ca{=t %) Comesponding Phase
A 553 7.7 17.1 (Mg Al Cs

B =13 403 263 (Mg AlLCs

c e 406 267 (Mg AlLCs

i) 649 226 125 (Mg AlLCs

Matrix (o-Mg) 983 17 - -

Fig. 2. Superimposed IPF (Inverse pole figure) and band contrast (BC) maps of
the as-cast alloy showlng that the dendrite cell slze s much smaller than the a-
Mg graln slze.

RT and 170°C. With increasing temperature from RT to 170°C, the
yield strength (0as) drops from 92 + 2MPa to 74 * 2MPa, the uni-
form elongation (UE) increases from 1.2 = 0.5 to 6.2 = 1.3%, and the

—RT
T

| (a)

100

True Stress (MPa)
MPa
2

o 2 4 & [
True Strain (%)

10

S

ultimate  tensile  strength (UTS) stays nearly constant
(=123 *= 11 MPaat RT and =122 * Sat 170°C), Fig. 3 (b).

3.3 Strain partitioning

As shown in Fig. 1, the microstructure of the as-cast alloy contains
two phases: a soft o-Mg phase reinforced with a hard interconnected
Laves phase (predominant network of (Mg,Al)xCa). In order to under-
stand the deformation behavicwr of alloy AXS3, it is of prime interest to
investigate how strain is distributed at the sub-micrometer level. For
that purpose, quasi in situ p-DIC in conjunction with EBSD mapping was
performed. In order to achieve a high resolution DIC map of a statis-
tically relevant large sample area, panoramic imaging was used. For
panoramic imaging, 56 individual images of 33.0pm by 248 pm and a
magnification of 3.46 KX (7(rows) x 8(columns), with 20% overlap
each) were captured and stitched together.

Fig. 4 (a) depicts the stitched panoramic image of the undeformed
specimen. One of the individual images of which the panorama is
composed of, is shown in Fig. 4(b) and (c) displays the 505 nano-
particle spechles on the sample surface.

The deformed microstructure of the same sample area as shown in
Fig. 4 (a) after 4% global straining at 170 °C is shown in Fig. 5(a) and
(b). The unit cells in Fig. 5 (2) indicate the orientation of the o-Mg
matrix. Basal slip lines (highlighted by white arrows in Fig. 5 (b)) and
tensile deformation twins (highlighted by yellow arrows in Fig. 5 (b))
are observed in the deformed microstructure,

Fig. & shows a 2D von Mises strain map of the microstructural region
given in Fig. 4 and Fig. 5. The map reveals highly heterogeneous strain
at the sub-micron level in the microstructure, The sirain tends to con-
centrate (i) along basal slip traces (white arrows in Fig. 6), (i) at de-
formation twins (yellow arrows), (iii) along o-Mg/Laves phase inter-
faces (black arrows), and (iv) in between the eutectic Laves phase
lamellas (orange arrows). In the Laves phase, cracks are visible in the

{b} »  Wield Sirength
_ » Uttimate Tensile Strength 140 8
&  Uniform Elongation ¢
- ]
T 4" 130 |6
- ]_.-
L] m
- 120; LF3
i
W G L1110 |2
i
100 Lo

RT 170 °*C

Fig. 3. (&) True stress-straln curve of the ascast alloy deformed at RT and 170 °C, (b) Comparison of yleld strength (o, 5], ultimate tensile srength and unlform

elngation at RT and 170 "C.
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Individual Image

I jum

Flg. 4. {a) Un-deformed panoramle Image, (b) one Individeal Image of magnification 3 46 KX and () high magnification Image showing the spackle pattems on the

sample surface.

regions of high strain concentrations and intersections of slip traces and
deformation twins with a-Mg/Laves phase interfaces (red arrows in
Fig. 6). Subsequently, the sample was also deformed to 5.5% global
strain, however, the strain map was similar to the one after 4% global
strain with an increased surface topography limiting detailed micro-
structure observations and is therefore not shown.

The Euler number was used to describe the evolution of the con-
nectivity of the Laves phase sheleton during deformation. For this
purpose, the Laves phase network before and after deformation was
first segmented, where each segment represents an interconnected
Laves phase structure, Fig. 7. The different colours correspond to dif-
ferent Laves phase segments.

From Fig. 7 it is evident that deformation leads to fragmentation of
the Laves phase network visible as an increased number of Laves phase
segments in the deformed microstructure and correspondingly quanti-
fied by an incresased Euler mamber,

3.4 Deformation and fracture behavior

Fig. 8 (a) reveals the microstructure of the alloy after quasi in-situ
deformation at 170 °C to 3% global strain. Fig. 8(b) and (c) depict
magnified micrographs of a region undergoing basal slip and tensile
twinning. Basal slip lines are highlighted by white arrows in Fig. 8(b
and c). In addition to basal slip, traces of (10T1) pyramidal slip are
observed and highlighted by blue arrows. Purther, it can be seen that at

40 pm
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the intersection points of basal slip traces in the o-Mg matrix with o
Mg/Laves phase interfaces, small cracks are formed. Some cracks are
also visible at intersections of deformation twins with o-Mg/Laves
phase interfaces, Fig. 8(d), (e} and (f) show the IPF and Schmid factor
Basal slip and tensile twinning is indeed observed in grains with high
Schmid factars for the corresponding deformation mechanisms, viz.

To verify that the formation of cracks observed at the sample surface
during quasi in-situ deformation (Fig. 6 and Fig. 8) is not an artifact
induced by the free surface of the sample, characterization of the bulk
of deformed samples was performed in addition to the quasi in-situ
tests. Asthe sample was metallographically prepared after deformation,
no slip traces are visible, but only deformation twins. Specifically, Fig. 9
(2) shows superimposed BC and IPF maps of the micostructure after
deformation to 4% global strain at 170°C and (b) shows cracks nucle-
ating in the Laves phase at twin — a-Mg/Laves phase interfaces inter-
section points.

Micrographs of samples quasi in-situ deformed at 170°C to 5%
global strain are given in Fig. 10 (a) and (b). Cracks were ohserved to
form at the intersection points of basal slip traces in the Mg matrix with
a-Mg/Laves phase interfaces (Fiz. 10 (c]) and at points where de-
formation twins transfer from the Mg matrix through the Laves phase
(Fig. 10 (b))

Flg. 5 (a) 5E panoramlc Image of the same
sample surface reglon (as shown In Flg. 4 (a)) after
quas] In-site strainlng to a global straln of 4% at
170°C and (b) deformed Image at a stage tilt of
F0°. The blue arrows Indicate the tensile direction,
white amows show sllp lines and wellow amows
highlight twins. The unlt celk In (2) show the
orentatlon of the a-Mg matrlx (determined from
EBSD of deformed microstructural reglons). (For
Interpretation of the references to colowr In this
flgure legend, the reader b referred to the Web
version of this article.)
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4. Discussion
4.1. Microstructure and mechanical properties

The microstructure of as-cast AX53 consists of the two phases o-Mg
and (Mg Al)2Ca Laves phase. Luo et al. [42] have shown that these
commonly share an orientation relationship of (001)Mg//(D01)
(Mg,Al)xCa and [0101Mg//[110](Mg,Al)aCa. Similar microstructures
were also observed before in other Mg-Al-Ca alloys [16,20,42]. The
average dendrite cell is slightly lower and the area fraction of Laves
phase slightly higher than the values reported for a similar Mg-Al-Ca
alloy {with a Ca/Al ratio of 0.6) in our previous wark [156). On the other
hand, the oy5 and UTS of the present alloy at both temperatures (RT
and 170 °C) are significantly higher. Specifically, the og 5 at RT of the

40 pm
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Flg. 6. Von Mises straln map (facet slze: 0.55 pm,
atep alze: OL44 pm) of the deformed micmstrsctue
reglon depleted In Flg. 4. Laves phase eracks ame
marked In the Insets with red amows, twinmed
reglons with yellow armows, basal slip lmes with
white arrows, straln concentations along a-Mgs
Laves phase Interfaces with black arrows and
straln concentration In between the ewtectic Laves
lamellas with orange arrows. (For Intempretation
of the mferences to colour In this Agure legend,
the reader & referred to the Web verslon of this
article.)

-
Von Miscs Strain

present alloy is 30% higher and the 0,5 at 170 °C is26.5% higher, while
the corresponding UTS values are 13.5% higher at RT and 21.7% higher
at 170°C. This is assumed to be due to different melting and casting
conditions: the alloy investigated in the current study was molten and
cast under 15bar Ar pressure, whereas the one studied in [16] was
maolten and cast under ambient conditions. Melting and casting under
15 bar Ar pressure is assumed to cause a lower number of casting de-
fects than at ambient conditions resulting in better mechanical prop-
erties,

4.2 Strain partitioning and localsation

As shown in Fig. 4, it is generally observed that the o-Mg grains
carry most of the imposed strain, while the Laves phase does not

Fig. 7. Segmented Laves phase network (a) before deformation, Euler number: -1363, (b)after 4% global straln at 170 °C, Euler number: -584. White clrcles indlcate

fragmentation of the Laves phase network during deformation.
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Fig. 8. (a) SE Image of a sample after 3% global straln {quas! In-sltu deformatlon) at 170 °C, (b) and (<) SE Images of the reglons highlighted by vellow and red boxes
I (a) at a stage tilt of 70°. The a-Mg matrlx orlentation Is deploted by the it cell, white armws highlight basal sip traces, red arrows cracks In the Laves plase,
blue arrows (10T1) pyramidal slip, yellow amows tenslle defprmatlon twing and green arnows basal slip lines in the twinned reglons. (d) Superimposed IPF and BC
maps, tenslle twins are kighlighted by white lines. () Schmid factor map for basal slip and () Schmid factor map for tenslle twinnlng; the area shown in (e] and (1) 1s
Identical to the IPF map shown in (d). (For Interpretation of the references to colour In this figure legend, the reader I3 referred to the Web version of this artlcle.)

undergo a significant amount of plastic deformation. Specifically, von strain localisation:

Mises strains of about 0.5-1.5% were observed, considerably lower

than the applied global strain of 4%, Fig. 6. Further, strain localisation

was cbserved i) along basal slip traces, i) at deformation twins, fii)at ~ #21. Type I: Strai partitioning and bocalisation in the a-Mg matrix

a-Mg/Laves phase interfaces, and iv) in between the eutectic Laves The a-Mg matrix deforuss mainly by basal stip snd tensile twinaing,

phase lamellas. These can be categorized into two distinet types of  Figs 5, B-10. It can be further seen in Fig 6, that some grains carry
high strain while other grains exhibit anly relatively low strain levels,

Fig. 9. (a) Superdmposed IPF and BC maps from
the bulk of & sample after 4% deformation at
170°C, () SE image highlighting cracks at twin
Intersection polnts (red amrows) In the Laves
phases of the sample shown In (). (For Inter-
pretation of the references to colour In this figure
legend, the reader |s referred to the Web version of
this article)

4
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Flg. 10, {a)and (b) 5E Images of the sample at 5%
global straln (quas| In-sltu) at 170°C, (¢) deplcts
the 5E Image of the reglon In Inset In (&) with
stage tihed at 707 to the electron beam. Crack
nucleation podnts In the Laves phase are shown by
red armws, basal slip lines as white amows, yellow
amrows In the magnified portlon of (b) represent
twing and red armows deplet cracks In the Laves
phase (For Interpretation of the references to
aolour In this Agure legend, the reader b referred
to the Web verslon of this artlcle)

106 pm

Strain localisation in those grains which carry high strain levels oceurs
preferentially along basal slip traces and tenzile twins. This is assumed
to be due to the different grain crientations and the plastic anisotropy of
Mg. Specifically, in pure Mg, the critical resolved shear stresses (CRSS)
for basal slip (~0.52 MPa [43]) and tensile twinning (2.4 MPa [44]) are
low when compared to prismatic slip (=20-39 MPa [45—47]) and
pyramidal slip (=44 MPa [46,48]). Although the exact CRSS values
depend on temperature and composition, the trend of low CRSS for
basal slip and tensile twinning and high CRSS for prismatic and pyr-
amidal slip was reported for a huge number of Mg alloys in the tem-
perature range RT-170 °C [47,49-51]. Consequently, only grains with a
high Schmid factor for either basal < a > slip or tensile twinning, un-
dergo significant amounts of deformation through slip and twinning
(see Fig. 8). Therefore, strain localisation in a-Mg is proposed to be
primarily dependent on the crystallographic orientations of the grains,

4.22. Type 2: Strain [ocalisation along the o Mg/Laves phase interfoce

In addition to strain concentrations in the a-Mg grains, strain lo-
calisation was observed along the o-Mg/Laves phase interfaces and in
between the eutectic Laves phase lamellas, Fig. 6. As no preference
regarding the crystallographic orientation and misorientation is ob-
served, it is assumed that these strain localisations are caused by grain/
phase boundary sliding during deformation at 170 *C. The of
grain and phase boundary sliding during elevated temperature de-
formation and creep in Mg—-Al-Ca alloys was also reported in our own
previous work and by several other researchers [7,16,42,52]. This type
of strain partitioning and localisation does not seem to have any geo-
metrical or orientation dependence. However, higher strain accumu-
lation are observed at interfaces adjacent to o-Mg grains that carry high
strain, which is proposed to be caused by the higher amount of strain
induced on the interface through larger deformation of the respective
a-Mg grains.

55

4.3 Crocks and micro damage

In line with our previous work and the reports of other groups
[10,16,53], crack nucleation was observed in the Laves phase in the
present study. More detailed analysis based on quasi in-situ deforma-
tion experiments in the present study showed that these crack nuclea-
tion sites are not random but correspond to strain concentration sites,
Fig. 6, mainly at the intersection points of basal slip traces and de-
formation twins with o-Mg/Laves phase interfaces. Similarly, Bieler
et al. [54] showed that, in single phase materials, damage tends to
nucleate at grain boundaries that are unfavorable for slip transmission.
In many alloys, hard second phases or interfaces (between hard and soft
phase) were reported to act as preferential damage nucleation sites
[10,52,53,55-57]. The obeervation of preferred crack nucleation at slip
band intersections with a-Mg/Laves phase interfaces, Fig. 8 (b) and
Fig. 10 (c), indicate that stress concentrations are generated at the in-
tersections due to the pile-up of dislocations, Dislocation pile-ups at the
a-Mg/Laves phase interfaces are assumed to be prevalent as the hard
Laves phase sheleton is considered as an effective obstacle to disloca-
tion movement [9,19]. A more detailed large-scale analysis of the crack
nucleation sites revealed that those microstructural regions where the
a-Mg matrix carries a considerable amount of strain induced by dis-
location slip andfor twinning contain also a high amount of cracks in
the Laves phase. In contrast, those o-Mg grains that do not carry much
strain, exhibit far fewer cracks. In Fig. 11 (a), cracks that developed
during successive deformation are highlighted by yellow (slip inter-
sections paints), blue (twin intersection points) and orange circles
(where no distinction between slip or twin intersection can be made).
Fig. 11(b), () and (d) represent the IPF map and the Schmid factor
maps for basal slip and tensile twinning superimposed on BC maps. It is
evident from these micrographs that the o-Mg orientation determines
the amount of cracks that formed during deformation. Specifically,
grains with a high Schmid factor for basal slip or tensile twinning
contain also a high number of cracks predominantly at intersections of
slip lines and twins with a-Mg/Laves phase interfaces, Fig. 11 (2] also
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Fig. 11. (&) 5E Image of deformed micmstructume
after 5% global deformation at 170 °C, cracks at
slip intersection polnts are highllghted by wellow
clreles, those at twin Intersectlons by blue clrcles
and others by orange clrcles, (b) Superlmposed
IPF and BC maps of approximately the same re-
ghon shown In (&), tensile twin boundarles ame
highlightad by white lines. (¢) Schmld factor map
fior baszal slip and {d) Schmid factor map for tensdle
twinning the area shown In (<) and (d) & |dentical
to the IPF map shown In (b). () deplets the frac-
ton of cracks appearing at slip band Intersection
(51) and twin Intersection (T with o-Mg/Laves
phase interfaces, “others” are cracks which could
not be related to a sip band — Interface or twin —
Interface Intersectlon. (For nterpretation of the

2 @w 3
a8

Mumber of cracks

g

Slip
Intersection Intersection

indicates that the number of cracks appearing at slip intersection points
are much more than twin intersection points with a-Mg/Laves phase
interfaces. This is primarily because the number of slip lines intersec-
tions is significantly higher than twin intersections as basal slip is the
predominant deformation mechanism observed.

Similarly, crack nucleation at intersections of twins with grain
boundaries and at twin boundaries was reported before for Mg and Ti
alloys [58-60). With continued straining, some of these cracks even-
tually grow preferentially along the Laves phase network and cause
fracture of the material. Fig. 12 shows a micrograph of a sample de-
formed at 170 °C until fracture in which the crack causing failure pro-
pagated preferentially along the Laves phase network.

This means that a high connectivity of the Laves phase network
provides a preferential crack growth path, while the o-Mg grains in
loosely connected networks might cause crack blunting causing in-
creased deformability. This is in agreement to our earlier work [16]
where we showed that an Mg—Al-Ca alloy with a loosely connected
Laves phase network (C/A 0.3) has a higher tensile elongation of 5.1%
at 170 °C than an Mg-Al-Ca alloy with a highly connected Laves phase
network (C/A 1.0) (tensile elongation of 3.6% at 170°C). However, the
Ogz and the UTS of the alloy with the highly connected Laves phase
network (oo = 72 MPa and UTS = 113 MPa for alloy C/A 1.0) were
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Flg. 13. {a) Segmented Laves phases of an Mg-Al-Ca alloy with a Ca/Al matle of 0.3, Euler Mumber: 681 and (b) an Mg-AHCa alloy with a Ca/Al ratlo of 1.0, Euler

MNumber: -2811.

higher than those of the alloy with a loosely connected Laves phase
network (ooa = 58 and UTS = 98 MPa for alloy C/A 0.3). Fig. 13 shows
the Euler numbers of these two alloys revealing indeed the Euler
number is lower for alloy C/A 1.0 than for alloy C/A 0.3 Similarly, it
was shown in previous work that the Buler mumber of structures with
high connectivity decreases and vice versa [36]. Kruglova et al. [36]
showed for Al-5i alloys, that the Euler number can be effectively used
to represent the connectivity of microstructural elements and reported
that the strength of Al-Si alloys increased with decreasing Euler
number, ie. with higher connectivity of the intermetallic skeleton.
Bugelnig etal. [61] showed that an increasing amount of Ni from 2 wi%e
to 3wi¥ in an AISI12Cu4Ni(2,3)Mg alloy increases the local con-
nectivity, quantified by a more negative Euler number.

We therefore conclude that besides other microstructural para-
meters, such as arystal orientations, grain sizes, etc, the marphology
and connectivity of the Laves phase network determines the mechanical
properties of dual-phase Mg-Al-Ca alloys. Specifically, a highly con-
nected Laves network is increasing the strength and also oeep re-
sistance on the one hand, but acts as preferential crack growth path
reducing the formability of the alloy on the other hand. Therefore, for
application of such alloys a compromise between (i) strength and creep
rezistance and (ii) ability to accommodate mechanical loads by plastic
deformation has to be made. Purther, as most of the cracks in the Laves
phase are induced by strong slip localisation in the oMg phase, it is

that texture engineering to decrease the activation of basal
slip might be used to design materials with a lower number of potential
crack nucleation sites.

5. Conclusions
We draw the following conclusions from this study:

1. A considerable amount of strain partitioning and localisation was
observed at the microstructure level during elevated temperature
tensile deformation using quasi in-situ tests with p-DIC and:

a, the sirain is mainly concentrated in a-Mg grains with a high
Schmid factor for basal slip or tensile twimming.

b. strain localisations are further observed at the intersections of
basal slip lines and deformation twins with «Mg/laves phase
interfaces,

2. Quasi insitu and bulk material analysis showed the initiation of
micro damage in the Laves phase at the sites of maximum strain
localisations, namely:

a. intersections of slip lines in the a-Mg matrix with o-Mg/Taves
phase interfaces.

b. intersections of deformation twins with o-Mg/Laves phase in-
terfaces and where deformation twins transfer across a-Mg/Laves
phase interfaces.
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3. Crack growth at large strains occurs preferentially along the Laves
phase network.

4. The morphology and connectivity of the Laves phase network in
Mg-Al-Ca alloys affect the mechanical properties: a high Laves
phase connectivity causes high strength and creep resistance, but a
low tensile ductility. On the other hand, microstructures with
locsely connected Laves phase networks display low strength and
creep resistance but higher tensile deformalbility.

Data availability

The data used in this study iz also a part of the ongoing research
work and therefore we cannot share (at this time) the raw or processed
data to reproduce the findings.
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J. Guénolé, M. Zubair, S. Roy, Z. Xie, M. Lipinska-Chwatek, S. Sandlobes-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/Mg,Ca interfaces. The

manuscript, therefore, address the 4™ and 5" research question laid down in the section 1.1.
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HIGHLIGHTS GRAFHICAL ABSTRACT

* Co-deformation of Mg-Laves phase
compaosites shows cracking, slip defor-
mation and interfacial sliding.

* The active co-deformation mechanism
depends on the interfacial orient ation.
= Sliptransfer into the Laves phase oocurs

on prismatic and bazal planes.

+ Interfacial sliding is Favoured by matrix
dislocations absorbed at the interface

ARTICLE INFO ABSTRACT
Arilde history: The mechanical behaviour of Mg—Al alloys can be largely improved by the formation of an intermetallic Laves
Recehved 30 November 2020 phase skeleton, in particular the creep strength. Recent nanomechanical studiesrevealed plasticity by diskcation
wreiinmrbedmﬂnd Febnuary 2021 glide in the (MgAll}zCa Laves phase, even at room termperature. As strengthening skeleton, this phase remains,
mﬁm;yml — however, brittle at low temperature. In this work, we present experimental evidence of slip transfer from the
¥ Mz matrix to the [ MgAl),Caskeleton at room temperature and explore associated mechanisms by means of at-
Keywards: omistic simulations. We identify two possible mechanisms for tansferring Mg basal slip into Laves phases de-
i sl ocation pending on the crystallographic orientation; a direct and an indirect slip tansfer trigmered by full and partial
Intermetallic dislecations, respectively. Curexperimental and numerical observations also highlight the importance of interfa-
Atomistic simulations cidl sliding that can prevent the transter of the plasticity from one phase to the other.
Indentation L 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the OC BY license (http:/f
Scanning el edran micrsopy creativecommons.onglicenses by 4 07).
1. Introduction
The mechanical respanse of composite materials is dependent on
the properties of their different phases individually, but also largely on
S e g authar at: Université de Lorraine, ONRS, Arts et Métlers FarkTech, th_e properties of their Lm_:erfaoea Lightweight Mg-based composites
LEM3, 57070Metz, France. with a controlled proporton of Al and Ca can be strengthened by the

E-mall address: julien guenole@univ-larraine i (). Guénold). predpitation of a Laves phases skeleton [1). The reinforcement pote ntial
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of Laves phases in these alloys is primarily due to their high strength
compared to the matrix phase [2]. Laves phases are hard inter metallic
phases with a topologically dose padeed structure arranged in a cubic
(C15) or hexaganal (C14 and C36) unit cell[3.4]. The mechanical re-
sponse of such a dual phase microstructure typically shows plasticity
in the Mg matrix and fracture in the hard-intermetallic phase [1,5].
While effectively strengthening the composite, the brittleness of the
Laves phase limits the maximum strength and the formability of the
omposite,

Plasticity in hexagonal Mg-based Laves phases has been observed
experimentally at room temperature by means of nano-mechanical
testing [2]. In particular, Mg=Ca (C14) micro-pillar compression re-
vealed the activation of basal, prismatic and pyramidal slip systems
|2]. Additionally, atomistic simulations with the same phase confirmed
that synchroshear dislocations are activated for basal slip [6]. To our best
knowledge, one study investigated the properties of interfaces in the
similar Mg-Zn;Mg composites [ 7], and none investigated the transfer
of plasticity from the matrix to the Laves phase,

Different Laves phases exhibit different dislocation pinning charac-
teristics as observed for Laves phase reinforced Ti alloys [8]. In case of
Mg alloys, Laves phases and their interfaces are strong obstades for dis-
location motion, making Mg alloys containing Laves phases well suited
for high temperature applications in which cree p resistance is required
|9). However, a lack of slip transfer from c-Mg to Laves phases also re-
sultsinlimited plasticity as displayed by the low dudility of these alloys
at room and elevated temper anures [ 1). Easier slip oansfer is usually as-
sociated with more homogenous plastic flow [ 10] and incase of Mg-Alk
Ca alloys, this would presumably result in better bulk plasticity at the
expense of creep resistance. The knowled ge of slip transfer mechanisms
may thus prove essental in designing alloys with a tailored balance be-
tween ductlity, strength and creep resistance.

Here, we explore the co-d eformation of Laves phases with an w-Mg
matrix by the combination of experimental and numerical approaches.
The surface morphology of a deformed composite is analysed by scan-
ning electron microscopy. Cracks and slip traces are characerized in
bath, the matrix and the Laves phase skeleton. In paralle], atomistic sim-
ulations are performed for a similar composite and several possible or i
entation relationships are investigated. Numerical nano-mechanical
tests and controlled dislocation-interface interactions at the atomic
scale enlighten the experimental results. Finally, we show mechanisms
of transfer of plastcity from the Mg matrix to the Laves phase skeleron
across the interface.

2, Experiments

A cast Mg-521A1-3.18Ca (wt%) alloy was prepared from raw mate-
rials consisting of pure Mg, Ca and AL The raw materials were molten
inan induction furnace and solidified under 15 bar Ar pressure in a
steel crudble. The chemical composition was determined through wet
chemical analysis,

The samples for microstructural examination were first ground
using 4000 5iC emery paper, followed by mechanical polishing using 3
and 1 pm diamond suspension. The mechanically polished samples
were then subjected to electrolytic polishing using the AC-11 (Struers)
electrolyte. Eleciro-polishing was carried out at ==20°C, 15 Vand for
60 s. Different electroche mical behaviour of the metallicand intermetal
lic phases resulted in the appearance of a waviness on the sample sur-
face which was then removed by fine polishing with OPU [ =40 nm
5i05 colloidal suspension). After fine polishing, the samples were
deaned in an ultrasonic bath followed by light pressing on gently rotat-
ing cleaning doth containing ethanol as a cleaning agent/lubricant. The
composition of the a-Mg matrix and intermetallic phase was deter-
mined with the aid of energy dispersive X-ray spectroscopy (EDS) per-
formed at an accelerating voltage of 10 kV in SEM. This relatively low
voltage was selected to imit the interaction volume.
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Standard dog-bone shaped specimens with a gauge length of 10mm
were deformed in an electromechanical testing machine (ETM) at
170 °C in tensile mode at a constant strain rate of 5 % 107* 57", The
specimens were later characterized in a scanning electron microscope
[SEM; Zeiss LEO1530) using secondary electron (SE) imaging and elec-
tron backscatter diffraction (EBSD) after pre-determined deformaton
steps of 3 and 5% An acceleration voltage of 20 kV was used for EBSD
and 10-20 k¥ for SE imaging. The EBSD data were analysed using Chan-
nel 5and Matlab2018b software. Astep size in between 0.25 and 0.7 pm
was used for EBSD depending on the scanned area. Focussed Jon beam
[FIB) milling (in FEI Helios Manolab 600i) was used to prepare the
site-specific electron transparent samples (FIB lamella) for investiga-
tions in transmission electron microscope (TEM). The FIB lamella cut
plane was selected © be perpendicular to the polished surface of the
bulk sample and to the tensile direction, as shown in Fig. 2. The orienta-
tion relationship between matrix and intermetallic phase and EDS anal-
ysis of their chemical com position were performed by TEM (FEI Tecnai
G2 F20[11]) at an accelerating voltage of 200 kV.

2.1. Experimental results

Fig. 1 represents an SE image taken from a sample deformed to 3%
global strain. Itcan be seen in the figure that the microsrucure consists
of two phases, Le. oe-matrix reinforced with an intermetallic Laves phase
skeleton. Mote that grains are much larger than the cell size or, in other
wiords, phase boundaries are notnecessar iy grain boundaries [(See Sup-
plementary material, Fig. SM1). As a consequence, to a scale far beyond
that studied and presented in Fig. 1, the sample is a single aystal (See
Supplementary material, Fig. SM2). A comparative observation before
and after deformation at 170 °C reveals no modification in te maorphaol-
ogy of the Laves phase network induced by, for example, the tempera-
ture [See Supplementary material, Fig. SM3).

The compaositon of the intermetallic phase as determined from EDS
point analysis performed on the intermetallic phase (at8 points in SEM )
is presented in the Table 1. The EDS point analysis confirms the presence
of all three elements in significant quantities in the Laves phase and is
considered to be C36 ((Mg.Al)zCa) phase. Similar compositions for
C36 Laves phase via EDS have also been reported earlier [12,13]. The
oi-Mg matrix compaosition was measured at three (3] different points
[22]. Further, ED'S was also performed in TEM (to measure the Laves
phase separately from the matrix) and the results for both phases pres-
ent in TEM lamella (shown in Fig. 2) are given in Table 1.

Moreover, an EDS area scan was performed in the SEM on the same
alloy and is presented inthe supplementary data (Fig. SM4). From this
figure, it is clear that the alloying elements are mainly concentrated in
the intermetallic phase. There is negligible amount of Ca in the a-Mg
matrix (Table 1) because of limited solubility of Ca in ce-Mg [ 14].

As can be seen from the com parison of the compositions determined
from EDS in SEM and TEM (see), the influence of the matrix is dimin-
ished in case of EDS in TEM. However, there still is a considerable
amount of Mg present in the intermetallic phase showing that it is in-
deed C36 Laves phase. This argument is further validated from the re-
spective SAED pattern shown in Fig. 2(e).

The same inter metallic phase was also reported by several ather re-
searchers in similar alloys, Le. Suzuki et al. [15] in the Mg-5A1-3Ca alloy
and by Luo et al. [16] in ACS3 (Mg-4.5A1-3Ca-0.27Mn) alloy. They used
TEM to confirm their results. In our results, slip lines in the matrix phase
are dearly visible and highlighted by blue arrows. Using EBSD-assisted
slip line analysis, these slip lines were identified as basal slip traces in
the oe-Mg matrix At points where the slip lines interact with the (Mg,
Al)zCa [C36) Laves phase, cracks in the C36 phase can be observed.
This is in agreement with our earlier work [1).

Fig. 2 reveal co-deformation of the c-Mg matrix and the intermetal-
lic C36 Laves phase in the sample deformed to 5% global tensile strain at
7= 170°C. The slip lines inthe «-Mgand C36 phases are highlighted with
blue and orange arrows, respectively. Unfortunately, it was very difficult
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—+ Slip Lines in a-Mg phase

—+ Cracks in the Laves phase

Fig 1.5E image (with thestage tled 70° towards the elecraon beam, image dit-corrected) of a sample deformed to 3% at 170°C. Green arnows represent the direction of the a ppdied fance,
blue arrows show basal slip lines in the o- Mg phase and red arowes indicate crades in the Laves phase. The insets show the magnified images of the crades in the £35 phase which are
perpendicular to the loading direction at polints © and D Undt cells depict the orle ntation of o- Mg matrb:_ (For inter pretation of the references to col owr (n this figure legend, the reader

Is referred to the web version of this artice )

Tale1

Camposition of | ne rmetal e and marb: phases a3 determined from EDS (n SEM and TERM
Miarasoape Mg(at ) Al (at E) Ca (aL %) Remarks
5B Interme tallic phase 437 + 113 31 + a4 133 + 49 36 phase
SEM Mg matrx 983 LT - Solld salutlan
TEM Interme tallic phase 255 4+ 38 455 + 4.1 B0 432 36 phase
TEM Mg matrlx 942 + 05 L7+ 0 14 4+ 0w Solid salutian

to analyse the orientation of the C36 Laves phase from EBSD data. This is
primarily because of the small size of the intermetallic phase in compar-
ison to the ce-Mg matrix and also their souctural similarity with the
hexagonal Mg matrix. Therefore, a detailed TEM analysis was performed
on the FIB lamella lifted out of the material volume indicated in Fig. 2
(b} with white dotted rectangle. TEM investigations yielded informa-
tion about the orientation relationship between the Mg matrix and
the C36 Laves phase and canfirmed the presence of a basal slip deforma-
tion mode inthe Laves phase. Fig. 2{c-g) shows microstructure details
of the deformed material, as observed with the aid of TEM. Planar de-
fects cor responding to the basal slip events were observed in o-Mg ma-
trix. as well as in the intermetallic phase. In particular, bright field (BF)
TEM images in Fig. 2(d) and (f) show basal slip planar defects in either
phase observed in edge-on orientation (Le. slip plane is parallel to the
viewing direction). Accordingly, planar defects have appearance of
thin lines passing diaganally the BF images (indicated with blue arrows
in oe-Mg matrix (d) and with orange arrows in the Laves phase (f) L In
either case, the observation direction is parallel o the respectve

[2 I_I_l}] crystallographic direction. Corres ponding SAED patterns are
given in Fig. 2(e) and (g). respectively. It is worth to note, however,
that different sample orientations were required for [2 1 Tl}] zone ork

entations of each phase. A detailed analysis of the crystallographic ori
entation relationship between o-Mg matrix and the Laves phase
revealed that basal planes of both phases are almost perpendicular to

each other ([0 0 0 1]yg [0 0 0 1} = 79 and A[JTTU]“!,
[miu]m = 8°). Similar ORS ([0 0 0 1]usg, [00 0 1)c3s = 82° &
10%) were systematically observed also for different FIB lamellas cut

out of other sample grains { not described here ), indicating the tendency
of the compaosite alloy to adopt a preferential crystallographic orienta-
tion relationship, with basal planes of constituent hexagonal phases
being almost perpendicular to each other.

22 Discusgon on the experiments

It can be observed in Fig. 1 that the cracks in the C36 Laves phase
occur at points where slip lines in the a-Mg matrix interact with the
Laves phase. Further, it can be seen in Fig. 1 that the cracks at points A
and B are oriented around 45-50° to the globally applied tensile stress
direction. Moreover, these cracks in the C36 phase are almost parallel
to the basal slip lines in the a-Mg matrix This indicates that the cacks
are developed due to the shearing of the C36 Laves phase by basal slip in
the ae-Mg matrix. On the other hand, the crades at points Cand D (ascan
be seenenlarged inthe insets of Fig. 1) are almost perpendicular to the
applied stress direction and correspond probably to brittle fracture of
the C36 phase. Fig. 2, on the other hand, shows an event where plastic
flow is actually ransmitted from the w-Mg matrix into the Laves
phase. Basal defect structures are indeed observable in the BF TEM mi-
crographs of both phases, represented inFig. 2 (d and f). This suggests
that in addition to ce-Mg matrix, the intermetallic Laves phase (C36) is
indeed plastically deformable at length scales present in the as-cast
Me-521A1-3.18Ca alloy. The a-Mg matrix offers significantly lower re-
sistance to dislocations movement as compared to the Laves phases.
Specifically, the critical resolved shear stress (CRSS) values for basal,
prismatic and pyramidal slip in Mg amounts to == 0.52 MPa [17], =
39 MPa | 18] and =44 MPa|19]. respectively [as determined by macro-
scopic testing of pure Mg, except in case of [19] where the CRSS for
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Slip lines in (Mg,Al),Ca phase

Fig 2. Miorasiructure of the sample deformed o 5% at 170 °C: () 5E SEM overview image [ stage tilted 707 to the electron beam, image tlt-comected ) with green armows indicating the
direction of the tensil e fore applied in deformation @5t (k) Magni fled |mage ( SESEM) af the mioosructuee marked in(2) with red rectangle. The white dotted rectngle in (b) indicates,
In tapwiew, the positanofithe FIB out (o) Overview (BF TEM) Imageod the FIE Lame Il in the nitlal orentation | no sample dic). Yellow and bhee rect ngles indicate sample areas shown in

detadl in (d) and (§), respecthve by, (d-g) BF images of te basa l-slip structure s olserved in (Mgl b0 (d) and o-Mg matrb: (7], with @erespanding {2 Tl_ﬂ] SAED patterns infe) and (g]
Undt cell projections in (), {d) and () scematically indicate orlentation of the e gonal struotenes in the respec ve Images | beight blee for a-Mg and dark buee for (Mg L), (For
Iinterpretation of the referenes to calowr in this figuwre legend, the reader s referred to the web versian of this article )

pyramidal slip was determined through micropillar compression). The
CRSS values for the Mg phase are much lower than the CRSS values re-
ported for the same slip systems in the C14 MgCa Laves phase, which
were determined as =520 MPa (basal slip), =440 MPa [ prismatic
glip) and =530 MPa [ pyramidal slip) by micropillar compression [2]
[MB: a direct comparison is impeded by the brittleness of the Laves
phase and the size effect encountered in microcompression testing of
Mg, resulting in a CRSS for basal slip of the order of =7 MFPa as opposed
o 0.52 MPa[17] measured macroscopically | 20] & The other Laves phase
[C15 AlzCa phase) in the Mg-Al-Ca system was reported to be even
harder than the C14 Mg;Ca Laves phase [21]. As the hexagonal C36
Laves phase is very closely related to the hexagonal C14 Laves phase,
we assume here that plastic deformation follows the same mechanisms,
Owing to this difference in CRS5; it appears likely that under the appli-
cation of a tensile stress, slip in the o- Mg matrix is adivated first and
then at points of severe stress concentrations, for example where slip
lines in the Mg phase interact with the Laves phase, plastic flow can
be transmitted into the Laves phase. Further, it is possible that at
those intersection points of slip in the Mg matrix with the Laves
phase, where cracks were observed, some plastic flow has occurred
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prior to cracking. However, it is not possible to distinguish cracking
with and without prior slip in the Laves phase by considering only
post-maortem results,

As reported elsewhere, it is worth mentioning that consider able
strengthening is induced by the Laves phases, Le. the yield and tensile
strength of this alloy in the as-cast state s 92 + 2 MPa and 123 +
11 MPa, respectively [22] at room temperature, whereas the same
values for pure Mg in the as-cast state are 26.6 and 69.2 MPa, respec-
tively [23].

3. Simulations

To explore the atomic-scale details of the slip transfer chserved ex-
perimentally and to understand the underlying mechanisms, we per-
formed atomistic simulations with semi-empirical potentials. As no
reliable potential is available to date that correctly models the plasticity
in the ternary Mg-Al-Ca intermetallic phase, we consider here the Cl4
MgoCa Laves phase as surrogate for the C36 (Mg.Al)zCa Laves phase.
Similar to previous experimental [ 16] and numerical wark [7], two dif-
ferent orientation relationships (OR) have been considered in our
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numerical approach. One with both phases’ basal planes parallel,
(0001 Je 0 (0007 Jatgzca, the other with the basal plane of the Mg phase
aligned with the prismatic plane of the MgzCa, (0001) 811200y, .
dose to the OR we observed by TEM.

3.1, Numerical methods

Atomistic simulations have been @arried out with the classical mo-
lecular dynamics code LAMMPS [24). Interatomic interactions were
modelled by the recently developed potential of Kim et al. [25] based
on the modified e mbedded atom method [ MEAM). This potential has
been specifically optimized to represent both, hexagonal Mg phase
and the C14 MgzCa Laves phase, and it has been used successfully to
model the complex dislocation motion in the basal plane of the C14
Laves phase [6). This work involves molecular static (MS) and molecular
dynamic (MD) simulations. MS simulations were performed by using
both conjugate gradient | 26] and FIRE [27,28] algorithms, and the con-
figurations were considered optimized for a norm of the global force
vectar below 10~ eV/A. MD simulations were performed within either
the microcanonical (NVE, To = 0K) or the canonical (NVT, To > 0K)

¥" [-12-10]
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v

Z
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thermodynamic ensemble with a timestep Ar = 1.0fs. In the NVT en-
semble, the temperature was controlled by a Mosé-Hoover thermo-
stat [29] with a damping parameter of 0.1 ps. The atomistic
configurations were constructed using Atomsk [30], and visualized
amnd analysed using OVITO [31]. The defects in both, Mg and Mg.Ca
phases were evidenced by calculating atomic-level strain tensors at
each particle. More specifically, the von Mises local shear invariant,
“esa, Was estimated from the atomic deformation gradienttensor calcu-
lated based on atom displacements [32]. Note that the commonly used
structural identification methods, like the common neighbours analysis
[CMA)|33], are not adapted tothe Cl4 structure and defects at complex

interfaces have been already characterized by such shear invariant
based method [34].

32, Numerical results

32.1. Paraliel basal planes: {0007 Jo U (0007 )yg 0n

We first focus onthe OR (0001 )50 (0001 ) ageacs, which forms a com-
posite that exhibits coplanar basal planes. As the objective of the simu-
lation is to study the transfer of slip at the interface from the Mg matrix,
the onset of platicity in the Mg phase is favoured by choosing an angle

Tensile stress (GPa)

6

3 4 5
Tensile strain (%)

Fg 3 Ddrect slip transfer at an Mg-Mg; Ca interface durlng nanomechan! el tensile tests_ a) Simulation setup with the orle ntation rela tonshdp OR {00005 8 (0001 jugaco. Red armows.
indicate the pulling direction. Atams in blue (red) are Mg (Ca). b) Stress-straln curves of the tensile tests at 50 K (purple), 500 K (green) and 700 K [bue)_ insets show slcad
snapshots of the first plastic event in the Mg Ca phase. Atoms are coloured according to their averaged local shear stradn 4. (For interpretation of the references to colowr in this

flgure legend, the reader ks referned to the web version of this article )
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of 45° with the deformation axis. This maximises the resolwed shear
stress on the primary (basal) slip planes. The corresponding atomistic
sample shown in Fig. 3 is made of Mg and MgyCa phases separated by
an inter face per pendicular to the Z-axis, and contains 996,941 atoms.

The phases are oriented as follows: )l'.'—[I mo], ‘r"—[l 120], Z-[0001]

for Mg, and X*-[2770], Y*-[1210], *{0001] for Mg:Ca. The crystallo-
graphic directions X" and X* are aligned with the box axis X. The crystal-
lographic directions Z' and 2* are parallel and have an angle of 45° with
the Y axis. No periodic boundary conditions are used. Uniaxial deforma-
tion is dynamically applied along the Y-axis: the sample is homoge-
nepusly scaled at a strain rate of 10% 5™ and the deformation is
maintained by means of 2D boundary conditions. The deformation
was performed at T = 50 K within the microcanonical ensemble
[Ty = 0 K). In this case, the temperature T correspomnds to the average
temperature during the simulated deformation. Tests at 500 K and
700 K have been also performed within the canonicl ensemble,

Fig 3b shows the stress-strain curves of our numerical strain-
controlled nanomechanical tensile tests at 50 K, 500 K and 700 K
Mote, that we also performed compression tests on the same sample,
and they produced comparable results. All three curves exhibit a similar
profile. First, there is an initially purely elastic co-deformation regime:
bath phases deform with negligible plasticity limited to surfaces. Then
small stress drops indicate the activation of plasticity in the Mg phase
by means of dislocation nucleation and glide from the surface or from
the interface. Finally, a large stress drop corresponds to the initiation
of either fracture at low temperature or slip at high temperature in
the MgzCa phase, as illustrated by the simulation snapshots in Fig. 3b.
In all cases, fracture or plasticity in the MgoCa phase are inidated from
locations where Mg basal slip lines interact with the interface. A doser
look at the mechanism is provided in Fig. 4 (See also Movie 51), which
shows a sequence of snapshots of the sample deformed at 500 K The
slip mechanisms are highlighted in both phases by the calculation of
the local shear strain, or von Mises local shear invariant, as described
above. At & = 3.08%, two slip traces are visible. The stronger one

E=3.08%,t=380ps £=5.8%,t=580ps

Averaged local
shear strain

£=5.9%,t=590ps
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indicates that more than one dislocation has glided within the same
glide plane. At & = 5.8%, 3 more slip traces are visible with a local
shear strain concenwation at the locadon of slip transfer, as highlighted
in the inset. At & = 5.9% no additional slip traces appear in the Mg
phase, butthe slip trace in the Mg phase highlighted in red shows a
higher shear strain level indicating additional dislocation glide. As a con-
sequence, a slip event in the MgyCa phase is initiated as highlighted in
the magnified views (Fig 4). At £ = 6.0%, it propagates further within
the basal plane of the Mg-Ca phase by showing similarities with the
synchroshear mechanism, typical for basal slip in Laves phases [6,35].

Our simulation at low temper ature (50 K) does not show any slip
within the Mg=Ca phase. We reduced the deformation rate up to 2 ar-
ders of magnitude without preventing the formation of a crack from
the interface and through the MgzCa phase,

322 Non-paralldl basal planes: (0001),0(1120)

The particular orientation relationship investigated in the previous
section with the basal planes aligned parallel in both phases olwiously
fawvoured basal-to-hasal slip transfer at the interface. To obtain some in-
sightsinto the possibility of having such a slip transfer for other orienta-
tion relationships, we considered the OR (000141 (Ilfﬂ)mm, which is

similar to the one observed in our experiments and in the literature [ 7].
In this configurmtion, the basal plane of the Mg phase is aligned parallel
with a prismatic plane of the Mg, Ca phase. The corre sponding atomistic
sample shown in Fig 5a is composed of the Mg and MgzCa phases sep-
arated by an interface normal to the Z-axis, and contains a total of
147,060 atoms. The phases are ariented as fallows: xr-[ﬁm], Y.
[0001], Z-[1120] for Mg, and X*-[1100], Y- [1120], Z*40001 | for
Mg-Ca. The crystallographic directions 2" and Z* are aligned parallel
with the box axis Z The crystallographicdirections Y* and Y* are parallel
and have an angle of 45" with the ¥ axis. No periodic boundary condi-
tions are used. Uniaxial compression is dynamically applied along the
Y-axis: the sample is homogeneously scaled, and the compression is

£=6.0%, t=600ps

Fig 4. Detadls of direct slip transfer atan Mg-Mg2Ca interface {0000 )5 1 {000 ) oo during nanomechandcal ensile tests at 500 K Anms are cdoured according o thelr averaged local

sheear stradn 4. Insets show the detalls of the slip transier at the ineroe.
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Fig. 5. Indirect slip transfer at the Mgz-Mg2Ca interface during chan cal compressian tests a) setup of the compression test simulatlon, with the arlentaton rel atonship

ml’“l{luu}nhu' Red armows indicate the compression direction. Atoms in bue (red) are Mg (Ca). b) stress-strain cwrves of the compression tests. The green and purple solid

lineess. correspond to dynamic delemaion at =50 K and 300 K The dots of the e line correspansd to the relaxed states of the quas-statle deformation Vertical dashed lines are gulde
for the eyes at stralns X, BE 15% and 18% that correspand to the snapshats shown in ¢ ¢) snapshots of the quasi-static deformation test. First row: all atoms are shown. Second
(thdrd) row: ondy atoms of the Mg (Mg, Ca) phase with an atomile shear strain 4, greater than 0.3 are sh Atoms are coloured according to the stomie shear strain ., (For
Iinterpretation of the referenes to calour in this figune legend, the reader s referred to the web version of this article )

maintained by means of a force wall defined by a harmonic potential microcanonical ensemble (T, = 0 K). A test at 300 K has been per-
The quasi-static deformation test was performed by successive MS sim- formed within the canonical ensemble, Both dynamic deformations
ulations. The deformation at T = 50 K was performed within the  were carried out at a sirain rate of 10% 5=,
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Fig. 5b shows the stress-strain curves of the three compre ssion tests.
The quasi-static deformation shows a profile that is more staggered
than the dynamic defor mations, but all tests follow a similar trend. To
describe the mechanisms in detail, we will focus on the quasi-static de-
formation. Fig. 5c shows sequences of snapshots of the quasi-static de-
formation from 1% to 30% compressive strain. The first row shows the
entire sample during deformation, evidencing that slip races form at
the surface [See also Movie 52). The second and third rows show only
those atoms that have an atomic von Mises shear invariant +,,, larger
than 0.3. In other words, slip acivities are highlighted by hiding
atoms that have not undergone significantshear. As a lot of events hap-
pened during the deformation, we split the sample in two parts o ease
the visualization: the second and third rows show the Mg and Mg_Ca
phases only, respectively (see also Movies 53 and 54). Up o 8% strain,
the deformation is purely elastic and no slip events are detected. At
8% strain, a slight drop of the stress occurred (first dashed vertical line
in Ag 5b) as the Mg phase shows a strong plastic activity with the nu-
cleation of dislocations and the formation of twins. The MgzCa phase is
deformed elastically up to 15% strain as the Mg phase continues to de-
form plastically. At 15% strain, shear events are triggered in the MgCa
phase, principally on two approximately orthogonal planes. The shear
continues to increase while deforming the sample up to 30%. Mote
that while the Mg phase appears almost entirely twinned, most of the
plastic shear in the MgzCa phase is concentrated in the two planes ini-
tially activated at 15% strain.

Adeeper insight in the onset of plasticity in the Mg;Ca phase is given
by the kinetics of the mechanism from the dynamic simulation, as
shown in Fig. 6 Here, the Mg phase appears already largely twinned
at a compressive strain of 15% and atime ¢ = 1.98 ns. While maintaining
the strain constant, the dynamics is simulated further (snapshots at

a) e€=15%t= 1.98 ns

t=238ns
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t = 238 ns and t = 343 ng, Fig. 6a and Movie 55) and evidences the
onset of slip at the Mg-MgzCa interface in the centre of the pillar. As
shown in Fig. 6D, the slip event at the interface canbe characterized as
a mon-dissociated prismatic <az dislocation (See also Movie S6 for
the MD counterpart).

The driving force for the onset of plasticity in the Laves phase is un-
veiled in Fig. 7 showing sliced views normal to the glide planes at the
onset of Laves phase plasticity. Fig. 7b-d represents the evolution of
slipby the calculation of the local rigid-body rotation Ry around the Z
axis. Local rotation is especially useful to highlight twining. Fig. 7e-g
represents the evolution of to E the averaged (over the neighbours
within a sphere of 10 A) local atomic shear stress. In particular, the nu-
cleation of the dislocation in the Laves phase is revealed by an orange
spot at the interface (Fig. 7c) and the fully propagated dislocation is
clearly evidenced by the dark red band (Fig. 7d). Note that the nucle-
ation of the dislocation in the Laves phase correlates to the propagation
of one <a partial dislocation in the Mg phase (Fig. Yhc). The nucle-
ation of the dislocation in the Laves phase is directly related to a stress
concentration at the Mg-MgsCa interface (Fig 7f) that released the
stress initially stored in the Mg phase (Fig 7e). While releasing the
global stress of the pillar (at 15% strain, as shown in Fig. 5b), the propa-
gation of the dislocation in the Laves phase generates additional shear
siresses in this phase of the order of 1 GPa (Fig. 7g). favouring the sub-
sequent plasticity of the intermetallic phase.

323 Simple shear of dislocation pile-up

To gain detailed and well-defined insights into the mechanisms of
interfacial plasticity, it is commaon to use carefully controlled two di-
mensional atomistic setups [36-38]. Such approaches indude infinite

t=3.43ns
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Flg 6.a) snapshots of the dynamic deformation at 2250 K showing the nucleaton of a dislocation D nithe Laves phase fram the interfae Mg phase: all atoms visible, mloured acarding to
theelr erystal structune {HOP, Hghit blue; FOC, dark blwe) Mg2Ca phase: ondy stoms with an stombe shear strain gre aterthan 03 arevisible b) slied vew of the Mg, Ca phase defbrmed to 155
during a quasl-state sl rlation. The inset highlights the non-dissoclated care of the prismat ¢ dislocat on nucleated fram the inierfsce inb)_Anms are coloered according to the atomie

shear strain
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d)

Fig 7. Kinematics of the onset of plasticity at the Mg-MeCa intensce during namomedhandcal compre ssion teﬂnﬁ\ﬂmuhlﬂunrdﬁmﬁﬂ:{ﬂﬂljnl{l 1:!:)““.;] perspedtive
view similar to Fig. Ga, showing the plane visualized in b) to g). The atoms in the Laves phase are removed for darnicy. b-g) slied profile views of the onset of Laves phase plast clty,
oorresponding tothe half-transparent red plane of the perspeative view an the lefi. Al atoms visible. bod) atoms are colowred amording to Ry, the local rigd-body rotalan around

the Z axks (arhitrary wnit) highl ighting dislocations and twins. e(g) atoms are coloured according to 5y, the aversged (overa sphere of 10 A) local atomic shear stress (in GPa). (For
Interpretation of the referenes to colowr in this figwre legend, the reader s referred to the web version of this artidle )

straight dislocations with controlled character, semi-infinite planar in-
terfaces and controlled stress states. In our work, we consider a quasi-
2D bi-crystal slab made of the Mg phase and the Cl14-MgyCa phase
with the OR (0001)z 8§ (0001 )sg.ca and the OR (0001),0(1 Iiﬂ]%.
Fig. 8a shows the Mg-MgsCa atomistic composite sample, with periodic
boundary condition (BC) along the X and Y axes. The OR (00010
(Ilfﬂjmﬁ is chosen as an example, but we observed identical results
fior the OR (0001 o 1 (0007 Jasz ca. 2D BC are applied along the Z axis
(red layers in Fig. 8a). From 1 to 20 infinite straight basal edge disloca-
tions are inserted in the centre of the simulation within the Mg phase.
The dislocations are successively inserted by using Atomsk [30). The
system is relaxed by M5 (see Section 3.1) and deformed by quasi-
static simulations as described in the following. A strain g, is applied
on the sample by homogeneously displacing all the atoms, followed
by a complete relaxation of the system by M5, To maintain the deforma-
tion during the minimization, a force F is applied inthe ¥ diredion on

each atom that belong to the 2D BC, and defined by F = (& ') /(S.N)

with u* being the average shear modulus of the sam ple for the particiar
arientations, 5 the surface area along the Z direction and N the number
of atoms in the 2D BC.

A non-sheared relaxed sample containing four dislocations is shown
inFig. 8a.Twao of the four dislocations are in contact with the interface.
The stress-strain profile of the quasi-static deformation shown in Fig. 8b
(purple line) exhibits a linear stress increase up to T = 0.9 GPa. This cor-
responds to the absorption of the first three Mg dislocations, as evi-
denced in Fig 8c revealing a sequence of dislocation pile-ups
interacting with the interface (left views highlight the crystallographic
structure by CNA, right views evidence the local atomic shear stress).
At an applied shear stress T = 0.9 GPa, the interface nucleates defects
(Fig. 8c) thatrelease not only the global stress (Fig. 8b) but also the
stress induced into the MgsCa phase by the dislocation absorbed at
the interface (see Fig. 8c, snapshot 3 and 4). Due to this stress release,

no defect is transmitted or formed in the MgsCa phase. However, the
nucleated interfacial defects continue to grow, while additional defects
form and propagate into the Mg phase (Fig. 8c (5), dark blue bands ). We
condude that the interface fails after the absorption of four dislocations.
It is interesting to notice that during the linear stage of stress increase,
the interface with absorbed dislocations undergoes significant local slid-
ing (Fig. 8d, rightvertical interface with a strong increase of local atomic
strain “sa). On the contrary, the interface that did not absorb arey dislo-
cations from the pille-up shows negligible local sliding (Fig 8, left ver-
tical interface with a low increase of local atomic strain +ywa)

The behaviour we report above is independent of the size of the dis-
location pile-up and of the orientation relationship. The maximum
number of dislocations the interface can absorb is three. As an example,
Fig. Be shows a pile-up of 20 disloations in front of a failed interface, 3
dislocations being already absorbed in the interface.

We investigated the influence of temperature on the behaviour
we report above. The two dimensional set up with a pile-up of four
dislocations has been deformed at finite temperatures within the ca-
nonical ensemble (NVT) at a shear rate of 107 s, Fig. 8b shows the
stress-sirain curves of these deformation tests at 300 Kand 700K in
green and light blue, respectively. Similar to the quasi-static simula-
tions, the stress drops correspond to the nucleation of defects in the
Mg phase or to the failure of the interface. Mo ransfer of slip from the
Mg to the Mg=Ca phase is observed (See also Movie 57). The behav-
iour presented above appears thus independent of the tem perature.
A comprehensive investigation of the effect of the temperature on
the brittle to ductile transition in such composite is however out of
the scope of this work.

33. Discussion on the simulations

The numerical deformation tests we present in this work show slip
transmission across the Mg-Mg;Ca interface. We identified two regimes
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depending on the orientation relationship. When the basal planes of the 4. Discussion on experimental and simulation results

matrix are aligned with the basal planes of the Laves phase, a diredt slip

transmission can occur. It consists of the acoumulation of matrix <as In this work, experimental and numerical approaches were com-
basal full dislocations at the interface, that directly trigger the nucle-  bined to investigate the plasticity and co-deformation of Mg-Laves
ation of a partial dislocation on the basal planes of the Laves phase. phase compaosites. As discussed inthe previous sections, the stress re-
The temperature dependency indicates that this mechanism is ther- quired to activate plasticity in the Mg phase is significantly lower than
mally activated, similar to the propagation of the synchroshear disloca-  that required in case of the Laves phases. Consequently, under the appli-
tion in bulk Laves phases|6,35,39]. Mote that a synchroshear dislocation  cation of external loading, the Mg phase deforms first and then at the
propagates by the synchronous glide of two ordinary Shockleysonadja-  stress concentration points, three different events can take place:
cent parallel atomic planes, as described in detail elsewhere |6,39,40) 1) cracking in the Laves phase, ii) slip transfer from o-Mg to Laves
On the other hand, when the basal planes of the matrix are aligned phase and iii) interfacial sliding at the c-Mg-Laves phase interfaces.
with the prismatic planes of the Laves phase, an indirect transmission ~ The details pertaining to each event are covered separately in the fol-
can oocur, It consists of the local accumulation of shear stress within lowing sections.

the interface plane, the resulting torsion indirectly triggering the nude-

ation of a full non-dissociated <a> dislocation on the prismatic plane of  4.1. Cracking in the Laves phase

the Laves phase. This mechanism seems thus to be strongly facilitated

by deformation twinning in the matrix. Mote that the in-depth analysis The atomistic simulation results (Fig. 3) confirm that under applica-
of dislocation mechanisms in such complex atomistic structures re-  tion of tensile stress plasticity is first initiated in the c-Mg phase and
quires novel technics that remain o be developed. then further straining results in the initiation of fracture in the MgzCa

These two regimes for slip transmission can be, however, entirely  phase especially at low temperatures, ie. at 50 K This happens prefera-
inhibited by interfacial sliding. In particular, when the applied load by at places where basal slip lines in ce-Mg matrix interacts with the in-
favoured sliding within planes parallel to the interface plane, local slid-  terfaces. Due to limited ductility, experimental observations of
img of the atoms at the interface appears to release sufficient internal  pronounced deformation are largely limited to higher temperatures,
stress to prevent the nucleation of dislocations in the Laves phase, but the same combination of cracking and slip events in the adjacent

i}
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Laves phase have indeed been found also in experiments after deforma-
tion at =170 °C (see Fig. 1 and [22] L

4.2 Slip transfer from o-Mg to laves phase

Alternatively, simulations also confirm that, at the same stress con-
centration points (where basal slip lines in the o-Mg matrix interacts
with the Laves phase), plasticity may be transmitted to the Laves
phase, especially at elevated temperatures (500 K and 700 K see
Figs. 3 and 4). We further showed that the basal <a= slipin the «-Mg
matrix activates plasticity in the Laves phase within the basal planes.
Similar results were again also obtained in ourexpeiments, where plas-
ticity from the a-Mg phase can be seen transmitted to the basal planes
of the Laves phase (Fig. 2) at the stress concentration points.

In some cases, as for our simulation setup with the orientation rela-

tionship [ﬂﬂ]ljal{l III]} . the slip event in the MgzCa activated

from the interface was based on non-dissociated prismatic <a= disloa-
tions. In agreement with this, observations of prismatic slip during
nano-indentation have also been made by Zehnder et al. [2]. In fact,
the CRSS for 1storder prismatic slip (=440 MPa) was reported to be
lower compared with basal slip (=520 MPa) at room temperature [2].

4.3 Interfacial skding at the a-Mg-Laves phase interfaces

Our atomistic results suggest that interface sliding can prevent the
transfer of mamrix slip to the Laves phase. Interfacial sliding is primarily
achieved by the absorption of dislocations at the interface. This is in
agreement with earlier experimental chservations, where interfacial
sliding of Mg-Laves phase interfaces has been reported [22.41].

However, unfortunately we have not been able to provide an exper-
imental correlation between slip transfer or local interfacial sliding and
the local stress state and orientation relationship, as the number of
events we observed remained limited. Monetheless, our simulations
show that the slip ransfer mechanism depends on the interfacial arien-
@tion and can be inhibited for particular geometries, even at high tem-
perature (see Fig 8). This highlights the importance of considering local
strain distributions and local interfacial geometries to predict slip trans-
fer at phase boundaries. Experimentally, these insights may help guide
future experiments to target specific orientation relationships and to in-
vestigate the thermal activation of interface-dominated deformation by
nanomechanical testing. In this way, simulations and experiments will
directly benefit from each other to unravel the co-deformation mecha-
nisms of the two phases.

5. Conclusions

In this work, we combined experimental and numeérical approaches
to investigate the plasticity and co-deformation of Mg-Laves phase com-
posites. Fram this work we condude that:

+ The mechanisms of co-deformation, namely cradiing, slip transmis-
sion and interfacial sliding as a result of slip activity in the Mg phase,
are observed in both simulation and experiment.

* For slip transfer, the Laves phase deforms on those planes identified
previously in experiments and simulations, the prismatic and basal
planes. The simulations suggest that this should occur by
synchroshear on the basal plane and non- dissodated <az- disloation
on the prismatic plane.

+ In the case of interfacial sliding, we found that dislocations are
absorbed into the interface in the simulations. An insight that may
be validated experimentally by targeted defor mation and transmis-
sian electron microscopy in the future,

+ Overall, our simulations reveal that the active co-deformation mecha-
nism depends on the interfacial orientation. This highlights the

Materials and Destgn 207 (2027 ) 109572

importance of considering local strain distributions and local interfa-
clal geometries o predict slip transfer at phase boundaries.

More work has to be performed to unders@nd the full extent of slip
transfer at such complex interfaces. In particular, our numerical results
suggest that this transfer mightbe ther mally activated, but this remains
to be canfirmed by dedicated experiments. The findings we present
here on the transfer of slip across Laves phase interfaces in Mg alloys
pave the way for in-depth investigations of the plasticity in such com-
plex lightweight composite. More generally, understanding how the
plasticity is transferred at phase boundaries opens up exploration
paths for com posites with tailored mechanical properties.

Supplementary data to this article can be found online at lvttps:/idoi.
org/10.1016,]. matdes 202 1.109572.
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Figure SM1: inverse pole figure {IPF) and band contrast (BC) maps of as cast Mg-5.21A1-3.18Ca alloy
captured using a step size of 0.25 pm. Shows that grain size of this alloy is way larger than the cell size
or, in other words, that phase boundaries do not necessarily correspond to grain boundaries.
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Figure SM2: (a) shows the same microstructural region in figure 1, (b} depict the |PF and BC maps
superimposed on each other generated from EBSD using a step size of 0.35 pm. The blue arrows
indicate the same region in both (a) and (b). This clearly shows that the area shown in figure 1 is made
of only one grain. Phase boundaries do not correspond to grain boundaries. The tensile twin
orientation is marked with yellow unit cell and highlighted using yellow arrow. The IPF map shown
here is part of data that has been already published in our previous work [1].

By ,_. i 40 fm

Figure SM3 (a) and [b): Microstructures of the as cast alloy before and after tensile deformation (up
to a global strain of & %) at 170 *C. Morphology of Laves phase is largely unaffected with the increase
in temperature. Cracks in the Laves phase are observed after deformation only (some of the cracks are
highlighted with red arrows). Green arrows represent the tensile direction. Data represented in (a) has
been already published in our previous work [1].
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Figure SM4: a) SE image in the as-cast state from Mg-5.21A1-3.18Ca, white rectangle depicts the
area investigated with EDS, b)-d) corresponding EDS signal distribution maps for Mg, Al and Ca, and
&) cumulative EDS map for all three elements.
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M. Zubair, S. Sandlobes-Haut, M. Lipinska-Chwatek, M. A. Wollenweber, C. Zehnder, S.
Schréders, 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 a-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 4", 5" and 6™ research question raised in section 1.1.
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GRAPHICAL ABSTRACT

» The C14 Mg;Ca Laves phase retainsits
hardness up to at least 200 *C

« Despite significant strength
differences, slip transfers from o-Mg
to the (36 phase.

« An orientation relationship between
a-Mg and C36 basal planes exists at
B2 £ 10*.

» Slip transfer into C36 Laves phase
occurs along basal planes.

+ The mechanism of co-deformation
and possible future work directions
am explained.
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The microstructure of Mg-Al-Ca alloys consists of a hard intra- and intergranular eutectic Laves phase
network embedded in a soft a-Mg matrix. For such heterogeneous microstructures, the mechanical
response and co-deformation of both phases under external load are not yet fully understood. We there-
fore used nano- and microindentation in combination with electron microscopy to study the deformation
behaviour of an Mg-3.68A1-3.8Ca alloy.

We found that the hardness of the MgzCa phase was significantly larger than the a-Mg phase and stays
canstant within the measured temperature range. The strain rate sensitivity of the softer a-Me phase and
of the interfaces increased while activation volume decreased with temperature. The creep deformation
of the MgzCa Laves phase was significantly lower than the =-Mg phase at 170 *C. Momeover, the deforma-
tion zone around and below microindents was dependant on the matrix orientation and was influenced
by the presence of Laves phases. Most importantly, slip transfer from the a-Mg phase to the (MgzAl).Ca
Laves phase occurred, carried by the basal planes. Based on the observed orientation relationship and
active slip systems, a slip transfer mechanism from the soft x-Mg phase to the hard Laves phase is pro-
posed. Further, we present implications for future alloy design strategies.
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1. Introduction

Increased fuel economy and the reduction of harmful emissions
are the key factors behind a growing interest in the use of magne-
sium alloys for automotive applications [1-3 | Mg-Al-Ca alloys are
among the most important alloys proposed for elevated- to high-
temperature automaotive applications (125-200°C)such as power-
trains [4]. They are well-known for their low weight, good creep
resistance [5-8), and thermal stability [9] while maintaining good
specific strength [4,10]

Mg-Al-Ca alloys consist of a dual-phase microstructure: a soft o-
Mg matrix reinforced with hard intermetallic Laves phases in the
form of an interconnected network Laves phases are a prominent
class of intermetallic compounds with an AB; stoichiometry and a
fairly complex crystal structure [11.12 | Three types of Laves phases
are known in Mg-Al-Ca alloys: Al,Ca (C15), (Mg.Al)Ca (C36) and
MgzCa (Cl14), which form during solidification as a result of the
eutectic reactions: L — o-Mg + 036 and L — o-Mg + C14 (~514 °C,
transformation temperature) [13]. The CafAl ratio controls the
type(s) of Laves phase(s) formed in the microstructure [14-16]. In
alloys with a high CafAl ratio (~1), the Laves phases formed in the
as-cast microstructure are either (MgAl)Ca+ MgoCa (as inthe pre-
sent work) or Mg;Ca (if the ratio is significantly higher than ~ 1). At
room temperature (RT) the critical resolved shear stress (CRSS) for
basal slip in Mg amounts to < 1 MPa [17], while the CRSS
are < 10 MPa for tensile twinning [ 18,15], = 39 MPa for prismaticslip
[20] and = 40-44 MPa for pyramidal slip [21.22]. These values
change with temperature and composition {addition of alloying ele-
ments) [19.20,23-27]. The CRSS values of basal, prismatic and pyra-
midal slip in Laves phases are well above the values of pure and
alloyed Mg; e.g for the MgzCa phase, the CRSS for basal slip hasbeen
reported based on micro-compression experiments to amount to
=10.52 GPa, for prismatic slip =0.44 GPaand =0.53 GFa for 1st order
pyramidal slip [28]. The hardness (related to the resistance to dislo-
cation glide) of the other Laves phases in the Mg-Al-Ca system is
even higher thanthatof the MgzCa Laves phase [29]. The difference,
therefore, between the CRSS required to activate basal, prismatic, or
pyramidal slip inboth phases amounts to at least twoorders of mag-
nitude (see Fig. SM 1). Under external loading, it is then expected
that the softo-Mg matrix will deform first. The Laves phase skeleton
is also expected to restrict the dislocation movement in the matrix
and will correspondingly affectthe deformation occurring in the soft
phase.

In order to improve the alloys' deformation and failure beha-
viour in application, it is essential to understand the co-
deformation behaviour of the two, mechanically very different
phases (soft a-Mg and hard Laves phases) under external loading
at different temperatures and time scales,

Therefore, the present study addresses the following key
aspects related to the deformation behaviour of a dual phase Mg-
3.68A1-3 8Ca alloy:

1. Mechanical properties of the individual phases and thermally
activated deformation mechanisms, determined over a temper-
ature range spanning from room temperature to an application
temperature of 170 =C,

. The effects of matrix orientation and presence of Laves phases
on the deformation of the o-Mg matrix,

. Slip transfer from the soft «- Mg phase to the hard intermetallic
Laves phase.

All these aspects were studied using a combination of nano and
microindentation, scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD) and transmission electron micro-
scopy (TEM).
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2. Experimental methods

A permanent mould cast Mg-3.68A1-3.8Ca (referred to as AX44
throughout the paper) and a master alloy Mg-30Ca consisting of
large areas of MgzCa Laves phase (both in wt, here and below)
were investigated in this study. The melting and casting proce-
dures of alloy AX¥44 are described in [30], the master alloy was
investigated in its as-received state. Separate disc-shaped speci-
mens (~125 mm diameter, ~1 mm thickness) for nano- and
microindentation testing were machined from the as-cast block
and the master alloy by electric discharge machining. The speci-
men preparation routing used o prepare samples for microscopy.,
nano- and microindentation are described in [30,31].

The micro-fnanc-mechanical behaviour of the alloy AX44 was
investigated by nanoindentation (Nanomechanics InSEM-IIT) using
a diamond Berkovich i ndenter tip (Synton MDP, Switzerland) and a
continuous stiffress measurement (CSM) unit. The diamond area
function {DAF) and frame stiffness were calibrated on a standard
fused Si0, sample at room temperature according to the Oliver
and Pharr method [32 | The indenter tip and specimen were heated
separately to minimise thermal drift, which was stabilised below
0.1 nmfs. Nanoindentation testing was carried out within the tem-
perature range from KT to 170 =C. Three different types of nanoin-
dentation tests were performed on alloy AX44: i) constant strain
rate (CSR) tests, ii) strain rate jump (SR]) tests and iii) nanoinden-
tation creep (relaxation) tests. All the nanoindentation tests on the
AX44 alloy were performed on the same sample in a way that the
sample was first heated up toa temperature of 170 *C using an in-
situ nanoindenter and then all three types of tests were performed.
Afterwards the temperature was decreased to 140 °C, and the same
tests were done on a different location. Further tests at 100 =C and
room temperature were carried out subsequently. As incorporation
of Al as evidenced by a reduction in lattice parameters and the
presence of C15 stacking faults was reported for the C36 Laves
phase at high temperature and after 100 or more hours [33.34],
we performed the experiments all on the same sample with
descending temperature to minimize the effect of this change in
the C36 Laves phase on the deformation behaviour at different
temperatures. Due to the increased size of the indents in the
nanoindentation creep tests, these were also performed separately
on the MgCa Laves phase present in the Mg-30Ca master alloy
(Fig. SM 2). Besides that, CSR tests were also performed on the
Mg-30Ca master alloy to determine the hardness of the MgaCa
phase over a range of temperature. High temperature CSR tests
on MgzCa phase were also conducted in a similar manner as men-
tioned for the AX44 alloy. The hardness obtained for the MgzCa
phase is an average of three different orientations. As these were
the only tests performed on this sample, unless otherwise stated,
the results presented here refer to the AX44 material.

CSK tests were carried out at a strain rate of 0.2 57 to a maxi-
mum load of 45 mN. The load was held constant at maximum load
for one second before unloading CSR, SR], and nanoindentation
creep tests were performed at RT, 100°C, 140°C and 170 °C. During
the SRJ tests, the strain rate was varied between 0.1 57" and
0001 57! in two jumps between indentation depths of S00-
800 nm. The creep tests were performed at a load of 16 mM,
applied at a rate of 160 mMN/s, which was then held constant for
120 s before unloading.

Microhardness tests were carried out using a Vickers hardness
tester at a force of 0.5, 5 and 10 N at room temperature (ET) on
alloy AX44. The holding time at maximum load for all micro
indents was 15 s. The deformed regions below the indents were
studied using the bonding-interface technique [35-37]. Flat, rect-
angular specimens (~7 x ~4 x ~ 3 mm, machined and metallo-
graphically prepared in the same way as mentioned for disc
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specimens) were used for this purpose. The polished surfaces of
two flat specimens were glued together (using Crystal bond) and
then the indents were made at the interface. The samples were
then placed in acetone in order to dissolve the glue.

Microstructure characterisation was performed using sec-
ondary electron (SE) and back-scattered electron (BSE) imaging
at 10-20 kV in a scanning electron microscope (SEM) (FEI Helios
MNanolab 600i and Zeiss LEO1530). Electron backscatter diffraction
(EBSD, FEI Helios Nanolab 600i) was carried out at an acceleration
voltage of 20 kV.

Site specific preparation of the electron transparent samples for
transmission electron microscopy (TEM) was performed with the
aid of focused ion beam milling (FEI Helios Manolab 600i) The
FIB lamellas were prepared in such a way that the viewing direc-
tion was perpendicular to the indentation direction (the top of
the lamellas is shown outlined in Fig. 6 and Fig 9) TEM observa-
tions were performed at 200 kV (FEI Tecnai G2 F20) |38 ]

3. Results
3.1. Microstructure of the as-cast alloy

The as-cast microstructure of alloy AX44 is presented in Fig 1
{a) and (b) with the aid of SEM-BSE images. The interconnected
network of intermetallic Laves phases has been studied using
SEM, TEM and energy dispersive X-ray spectroscopy (EDS ) by other
researchers | 13,39,40] and found to consist of a mixture of two dif-
ferent morphologies in similar alloy systems (having comparable
CafAl ratios). These correspond to two different Laves phases: i)
coarse eutectic (MgAlLCa and ii) fine eutectic Mgz Ca. In addition
to intermetallic network, thin needle like AlzCa precipitates were
also observed in the as-cast alloy in line with the previous work
|41-43] The EDS analysis and further details about the microstruc-
tural constituents of alloy AX44 are presented in a previous paper
|30].

3.2, Nanoinde ntation

32.1. C5R rests

3.2.1.1. Hardness wariation of all three microstrucural constituents
with temperature. Fig. 2 (a) shows the average hardness (at a depth
of ~ 500 nm) of the =-Mg and MgzCa phases from ET up to 170 =C
and 200 =C, respectively. The scatter from averaging the values of
the a-Mg phase at all temperatures is so small that it is hardly vis-
ible in Fig. 2 (a) (also given in Table 1) The hardnesses of a few
randomly-selected indents at the interface are also represented
in Fig 2 (a) as red triangles. As the volume fractions vary for
indents placed at the interface (see Fig. SM 3) individual data
points are shown rather than an average and its deviation. The
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hardness of «-Mg phase decreases slightly while that of MgzCa
phase stays constant with temperature. The hardness at the inter-
faces is significantly higher than the hardness of the =-Mg matrix
at all test temperatures. A small indentation size effect is apparent
in the deformation of the «- Mg matrix at all temperatures, i.e, the
hardness of the «-Mg matrix decreases with increasing depth
(until ~ 1000 nm) (see Fiz 2 (b)). The indentation size effect (ie.
a decreasing hardness with increasing depth)is a well-known phe-
nomenon in the indentation of crystalline materials and is attribu-
ted to the strain gradients produced beneath indents and the
related density of geometrically necessary dislocations [44-46].
For the indents in the magnesium matrix, there is a slight increase
in the mean hardness after a depth of ~ 1000 nm was reached
because of the hardening effect from interfaces (Fig 2 (b))

3.2.1.2 Hardening from interfaces. Load-depth and hardness-depth
curves of two different indents made at RT are given in Fig. 2 (c
and d). The blue curves are from an indent made some distance
away from a Laves phase, the red curves from an indent close to
one. The hardness of both indents is nearly the same between
500 and 1000 nm, beyond which there is an increase in hardness
for the indent made closer to the as-Mg/Laves phase interface
(shown red). This increase in hardness is assumed to be because
the interface blocks dislocation motion.

322 5R] tests

MNanoindentation SR] tests were performed to determine the
strain rate sensitivity (SRS) of individual phases and other
microstructural features, such as interfacial areas, in order © gain
a deeper undersmanding of the thermally activated deformation
mechanisms taking place in these regions. The sirain rate sensitiv-
ity, m, was calculated according to [47-459]

InH

where H is the hardness and £is the indentation strain rate. & can be
determined using the true strain rate concept using [47.50]:

. (1\dhy R 1 F
E=\r)\&/)=R=Z'F

where h is the contact depth, and P is the applied load. h, P and H
are the respective rates (with respect to time) of depth, load, and

hardness.
The activation volumes, V*, were calculated using 4748 51-54]

V= 3uﬁkr(5;r_H'éJ i3)

where k is the Boltzman constant and T is the absolute tempe rature.

1p

-R~3p @)

Fine eutectic,
! ‘a phase

Fig. 1. Microstructure (SEM-BSE) of a5-cast AX44 showing an interconnected Laves phase network consisting of coarse eutectlc (MgAl),Ca and fine eutectic Mg,Ca. White
armows deplot the intermetallic Laves phase whdle green arrows show the presence of Al,Ca precipdtates within the a-Mg matrixz

3
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Table 1

Hardness at a depth of 500 nm, m and ¥* values of the a-Mg phase and o-Mg/Laves phase interfaces at different tempe ratures.

Temp (°C) Hard ness (=-Mg), [GPa] Strain mte sensitivity, m Activation volume, V* [mm? (b))

a-Mg phase Interface a-Mg phase nm® [b*] Interface [mm?]
RT 096 + 006 0004 + LO0Z Q006 + 0001 756+ 370(232 £112) 335 +091
100 096 + 04 0013 + U6 Q016 + 0007 284+ 1.12 (85 + 34) 1.48 + 082
140 085 1005 0016 + 0006 Q020 + 0006 253+ 1.18 (79  36) 127 +0.40
170 Q86 + 003 0023 + LS Q024 + 0008 231+ 087 (70  26) 1.46 +0.54

The hardness-depth and modulus-depth curves are shown in
Fig 3 (a) and (b), for two representative indents performed at
170 =C within the «-Mg phase and at the a-Mg/Laves phase inter-
face, respectively. Both microstructural regions showed an inden-
tation size effect below 1000 nm, therefore, linear fitting was
carried out for each strain rate jump in the hardness-depth curve.
The instantaneous hardness values (measured right before (H(£,))
and after the strain rate jump (H{£;)) as depicted in the magnified
region of Fig. 3 (a)) were then used to calculate m and V* as sug-
gested by Maier et al. [45] and Wu et al. [55].

The magnitude of the hardness change with strain rate in the o-
Mg phase increased with temperature. Consequently, the value of
m also increased and amounts to 0.004 at RT and 0,023 at 170 =C
(details in Table 1). The indents made across a-Mg-Laves phase
interfaces revealed that this microstructural region exhibits a sim-
ilar strain rate sensitivity as that of the «-Mg phase at all testing
temperatures, despite the significantly increased hardness. The
values of the strain rate sensitivity were calculated from a mini-
mum of eight indents at all testing temperatures (except RT, where
six indents were used to calculate m). A size effect in m was

79

observed for the «-Mg phase (see Fig. SM 4 ) and the m values given
in Table 1 are average values at all strain rate jumps in between
500 and 500 nm.

Table 1 lists the values of the activation volume, V7, for the a-
Mg phase and o-Mg/Laves phase interfaces in nm® and b7
respectively, when considering the <a» Burgers vector of Mg
(321 x 107" m) |54,56] at various temperatures. There is a sig-
nificant decrease in V* from RT to 100 C, but with a further
increase in temperature up to 170 °C it remains relatively con-
stant (within the measurement noise) for both the «-Mg phase
and o-MgfLaves phase interfaces. In general, however, the o-
Mg/Laves phase interfacial regions possessed lower activation
volumes than the x-Mg phase at all testing temperatures. Sev-
eral researchers [51.57.58] have used modulus compensated
hardness to calculate activation energies, however, in this work
the modulus decreased at the nearly same rate as the hardness
which precludes the calculation of the activation energy and
thermally activated mechanisms in this manner. We therefore
rely solely on the activation wvolumes determined at each
temperamire.
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3.2.3. Nanoindentation creep testing

As the investigated alloys are designed for elevated-
temperature applications, nanoindentation creep tests were also
performed on alloy AX44 and the Mg-30Ca master alloy {consisting
of large areas of Mg=Ca Laves phase) at room temperature, 100 °C,
140 °C and 170 °C. Fig. 4 shows the fitted creep curves of the a-Mg
phase (present in alloy AX44) at various temperatures. The creep
rate in indentation creep testing can be related to the nominal
Pressure (Pnom = P/A, where P is the applied load and A is the con-
tact area of indentation) or hardness according to Eq. (4) [59.60]

- ()(&) -

with h being the indentation depth, B a material constant, and N the
stress exponent obtained from nanoi ndentation.

The creep depth increased, and the stress exponent decreased
with increasing temperature, Fig. 4 (a) and (b), respectively. The
nanoindentation stress exponent of this alloy was nearly four
times higher than the stress exponent obtained previously from
uniaxial tensile testing (m = 542) at the same temperature of
170 =C [30] This discrepancy between (nanojindentation creep
and macroscopic creep tests is relatively common [61,62], and
can largely be explained by the fact that the stress and strain levels
in nanoindentation using a Berkovich indenter are significantly
higher than that during macroscopic uniaxial tensile testing.

a —170
200 4 ( } —140"C
| —_— 0
T 250 —RT
= ]
= 2001
-
= ]
& 150+
-9
E 100
o
A
il 3 P L U e O LS W
] 20 40 6l 80 100 120
Time (s)

Accordingly, it is generally assumed that the hardness resulting
from a Berkovich indenter corresponds to a flow stress at 8% strain
[5763] A similar difference between the stress exponents
obtained from nanoindentation creep tests and macroscopic creep
tests was also observed by Wu et al [61 ]

Mevertheless, the indentation creep tests allowed a comparison
between the a-Mg (present in the AX44 alloy) and MgzCa (present
in the Mg-30Ca master alloy) phases at the same load (16 mM) and
temperature (170 °C) (Fig. 5 (a and b)), showing that creep defor-
mation was nearly 4.5 times lower in the Mg;Ca phase than in
the a-Mg phase. Moreover, the hardness of the Mg2Ca phase is sig-
nificantly higher than that of the =-Mg phase. There exists an ele-
gant numerical agreement between creep depth and hardness of
both phases. However, caution must be taken while using short
term hardness tests as a proxy for more laborious indentation
creep testing, at least for determining relative behaviour between
phases. This is because sometimes the rate of hardness loss
changes with increasing or decreasing strain rate as evident in
Fig. SM 5and as reported by Mathur et al [57] while working with
Mg, Al z phase.

3.3. Microinden tation

The microhard ness of the as-cast AX44 at 5N was determined as
61.2 £ 3.5 HV. In line with previous work [30], cracks in the Laves

170 °C
- 0 L °C
= 106 °C
i RT
2
g
= 0.001
g
#
1E-5 T T T T 1
0.5 & 0.7 g 09 1
Hardness (GPa)

Fig-4. (a) Creep depth 2= a functlon of temperature of the Mg phase (present in alloy AX44); (b) strain rate vs hardmness of the a-Mg phase at varous temperatures, the first

data podnt in the graph is Mghlighted by open circles.
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Fig- 5. (a) Nanodndention creep curves for the o Mg phase and the Mg2Ca phase (present in the Mg-30Ca master alloy ), (b) Straln rate- hardness curve for a-Mg and the Mg:Ca

phase, the first data points are highlighted with open clncles.

4 100

= Cracks Slip lines in o-Myg phase

= Slip lines in the Laves phase - Al.Ca precipitates

Fig. 6. SEM (SE) images of 2 microdndent at 5 N performed on alloy AC44. The magn ifed regions are shown a5 insers. The red arrows indicate cracks in the Mg Ca and (M2,
AlpCa Laves phases, green arrows highlight Ak Ca precipitates, orange arrows show sip Hnes in che o-Mg phase and blue armows depdot slip lines in the (MEalLCa Laves

phase. The doted white rectangle indicates the reglon of the AB lamella owt

phase were observed within the direct proximity of the indents. In
addition, parallel slip lines were observed on the sample surface
around the indent (Fig 6). Coincident positions of the slip lines at
the interface between the o-Mg matrix and the (MgAlL,Ca phase
(see Fig. 6)indicate that co-deformation of both phaseshas occurred.

As is expected from a hexagonal metal, the deformation zone in
the a-Mg phase is strongly orientation-dependent, Le. the presence
of twins and slip lines around indents are significantly affected by
the orientation of the 2-Mg phase. Fig. 7 shows an inverse pole fig-
ure (IPF) map superimposed with band contrast (BC) map (also
known as pattern quality) together with the corresponding SE
micrographs of microindents in alloy AX44. It can be seen in
Fig 7 (a-d) that the appearance of the area around the microin-
dents is orientation dependent. Further, formation of cracks in
the Laves phase was observed at places where slip lines in the a-
Mg phase intersect with the Laves phase, as indicated in Fig. 7
(e} and (f), which is in line with observations reported in previous
work [31], where cracks were observed at similar regions in
macroscopic uniaxial tensile deformation.
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The presence of Laves phases further modifies the shape of the
deformation zone. Fig. 8 (a) shows superimposed IPF and BC maps
of the alloy AX44, with microindents placed at two different loca-
tions within the same grain: near the (MgAlhCa Laves phase
(Fig. 8 (b)) and away from the Laves phase network (Fig. 8 (c)L
The indentation-induced deformation twinning of the a-Mg
matrix, (as confirmed by post-deformation EBSD) was observed
around the indent (indicated with a dashed ellipse in Fig. 8 c),) in
the Laves-phase-free area, but deformation twinning was sup-
pressed in the vicinity of the hard Laves phase despite the same
crystal orientation and the same relative position to the indent
(see Fiz & (b)L This demonstrates the importance of co-
deformation studies, as there is a clear effect of the intermetallic
skeleton.

Finally. it was observed that in addition to the previously shown
co-deformation resulting from dislocation slip in the a-Mg phase
(Fig. 6), similar co-deformation can be introduced from other
deformation structures, as indicated by the green arrow in Fig. 8
(d). Here, the deformation mechanism in the a-Mg is most likely
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Fig- 7. Microstructure and deformation behaviour in alloy AX44. (a) Inverse pole figure (1PF) and band contrast (BC) ma ps suped mposed on each other { back amows indicate
positlons of the indents presented in detall in (b)-(d))L () and {c) SE images of 500 mM indents in ome grain with twin formacon around the indentatons, (d) SE image of an
Inedent made at a grain triple point (e) and {f) show magndfied images of the reglons indicated in (c) and (d). respect ively.

deformation twinning (only one small twin like region is present,
assumed from visual analysis as it was not possible to confirm this
asa twin by EBSD, as compared to multiple twins present in Fig. &
(c)). but it is nevertheless present adjacent to slip lines in the Laves
phase.

Having demonstrated the effect of crystal orientation and Laves
phases on the deformation microsructure visible around the
indents at the indented sample surface (Fig. 7 and Fig 8), the
sub-surface deformation is now presented. These studies are
intended to determine whether the deformation observed in the
presence of a free surface are representative for the mechanisms
that occur in the bull.

Fig 9 (a-d) shows SE images of the deformed sub-surface
regions of the indents, produced at 5 (ab) and 10 N {cd)) Fig. 9
(a) and (b} highlight dislocation slip (orange arrows) in the a-Mg
phase as well as cracking in the Laves phase (red arrows) The

82

curved slip lines, as indicated in the magnified inset in micrograph
(c), are indicative of multiple active slip systems in the «-Mg
phase. Fig. 9 (d) demonstrates co-deformation of the o-Mg and
the Laves phases, evident from the parallel slip lines in the Laves
phase (blue arrows) coincident with the slip lines in the matrix
phase (orange arrows). Overall, the observed surface deformation
around the indents (Fig. 6, Fig. 7 and Fig. 8), including the mix of
co-deformation and cracking in the Laves phase, do indeed appear
to be representative for deformation of the bulk material

Cracks and slip transmission events from the =-Mg phase into
the C36 Laves phase were observed under all three loading condi-
tions (Fig 6, Fig. 8 and Fig. 9). However, higher and more frequent
instances of slip transmission were detected under higher loading,
Le 10N (see Fig. 9 and Fig. SM 6). In the sub surface analysis pre-
sented in Fig. SM 6, more instances of slip transfer are evident for
the indent made at 10 N when compared to the indent made at 5 M.
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Fig- 8. (a) Superimposed IPF and BC maps ofa graln contad ndng two microdndents. The positon of the indants in the grain is hdghlighted by black squares and armows im (a); ()
and (¢) show the SE images of the two indents { made at 500 mN) The black dotted ellipses highlight differences in deformation behaviour. (d) Shows the magndfied reglon
hdghlighted by the box in (B). Twins in the «-Mg phase are represented by green arows, red arrows deplot cracks and blue arrows show slip Unes in the (MgAl),Ca Laves

phase.

This is because the higher force in indentation generally results in
high plastic strain across a larger volume, the plastic zone, causing
the agegregation of high-densities of dislocations at the Mg/Laves
phase interface. Therefore, higher loads seem to promote more slip
transmission from the «-Mg to the (36 Laves phase.

34 TEM

Fig. 10 shows bright field (BF) TEM and corresponding selected
area electron diffraction (SAED) images of the microstructure
observed in a FIB lamella cut from the surface as indicated in Fig. 6
by a white dotted rectangle (located aside the indent - FIB cut plane
parallel to the indentation direction and per pendicular to the sample
surface) The slightly aurved volume of (36 Laves phase in the
lamella is surrounded by a single Mg matrix (2-Mg) grain

The crystallographic orientation of both phases was determined
using SAED. The Mg matrix located oneither side of the C36 belongs
to the same matrix grain exhibiting, accordingly, almost the same
orientation (see Fig. 10 (a)), with negligible variation (below 2=
across the lamella) related mainly to the bending of thin samples.
The (36 phase grain also exhibits the same crystallographic orienta-
tion across the FIB lamella (<2.5° misorientation). Analysis of the rel-
ative crystallographic orientation of both phases based on
corresponding SAED data (see Fig 10(b)and (c)) revealed an almost
perpendicular orientation (within £ 3°) of their basal planes. In par-
ticular, £[1210],, [D001], 4, = 3=and [1010] | [34"]].,_.13- BF
imagesinFig 10(a)and{d}, show the microstructure observed with
the electron beam direction B||[1 l]il]]ﬂ_ug. Stacking faults (SFs) in

&3

the a-Mg phase are observed in (a)and (d) along (or very close to)
[1010] s_ug The crystallographic direction in an edge-on orientation
(with the SF habit plane perpendicular to theimage plane and paral-
lel to the viewing/beam direction ), reveals dark, thin, and straight
lines (indicated by yellow arrows). Identification of 5Fs in the
overview (a) is rather difficult due to strong diffraction contrast pre-
sent in the Mg grain (dark, blurry appearance), resulting from the
in-axis grain orientation (Le. observation condition with exact
B(|[1010], ). Accordingly, a better presentation of the edge-on
SFs in the Mg matrix is shown in the magnified BF image presented
in{d), where diffraction contrastis lowered by slight sample tilt (~.2°
away from the diffraction condition B|| [Il]il]]E_UG}. The correspond-

ing SAED pattern for the Mg grain in the orientation presented in{a)
is shown in(b ) while the SAED pattern for the [1070], s, condition,
Le. close to the observation conditions applied in (d) is shown in (e).
Fig. 10(f) presents an SAED pattern of the other main zone axis of the
hexagonal Mg [1120], s, acquired with the sample tilted 30° away
from the orientation conditions appliedin (d)

The presence of dislocations on a non-basal plane was also
observed in the a«-Mg matrix (e.g. curved dark lines, indicated in
Fig. 10(d) with blue arrows), evidencing the activation of a non-
basal deformation system within the Mg matrix of the composite
material. Within the C36 grain, dislocation contrast confined
within defined slip planes was also observed (indicated by blue
arrows in Fig. 10 (a)). Due to an unfavorable orientation of the slip
planes almost parallel to the lamella plane, an edge-on observation
and unambiguous confirmation of the crystallographic orientation
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Fig. 9. SEM (SE) micrographs of the sub-surface reglon of indents at 5 M (2-b) and 10 N (c-d) Owverview of the sub-surface features from an indent made at 5 N (a) (b)
Represents the magndfied image of the area hdghlighted with a black rectangle in (a) Overview of similar sub-surface features from an indent made at 10 M ({c) Inset in(c)
highlights the curved slip lines observed in the oMz matrix (d) Reveals co-deformation of the Mg matrix and the Laves phases Orange and blue arrows indicate the slip
lines i ce-Mig and Laves phases, respectively, while cracks are highlighted by red arrows. The white dat ted rectangle shows the reglon from where the TEM lame lla was 1ifted

= - -
17018y ey LR L TS

Fig. 10. Composite microstructure of the lamells 2 observed in TEM: a) BF overview Image acquired with lamells orlentaton B|[1l11q__" with correspnding SAED of Mg
matri gven in (bl ) SAED of the (36 grain shown in (2), observed in orlentation B0001],. d) Magnified BF appearance of the Mg:‘lun'lxsmnm with edge-on basal-

plane 5F3 (yellow armows) and non-basal dislocations (Wue arrows) ¢) - f) SAED images of the Mg marix shown in (d), acquired with sample orlentaton 5[[1070],_ . and
B|[11m] - Matriy and C36 orlentation are visualised by blue and yellow hexagons, respectively. Images in (d-f) contain a 45° clockwise relathve sample rofation with

rﬂpﬂ:mmm{a-ﬂ.

of the habit plane was not possible in this sample. Nonetheless, a Further insights into the crystallographic orientation of the
basal-slip co-deformation was postulated for the composite Laves related slip system were obtained with analysis of a second FIB
phase taking into account the crystallographic orientation of the lamella cut from the sample wolume indicated in Fig 9 with a
C36 grain, with [0001 ) tilted 17° away from the lamella plane white dotted rectangle, ie within the material volume located
normal (corresponding SAED is shown in Fig. 10 (c)k as well as beneath the indent and parallel to the indentation direction but
the line direction of the intersections of the (36-dislocation slip perpendicular to both the sample surface and the deformation
habit planes with the lamella surface (indicated in Fig. 10 (a) with sub-surface. The composite microstructure present in the lamella
blue dashed lines) is shown in Fig. 11 (a). Again, matrix regions located on either side
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of the Laves phase belong to the same Mg grain, exhibiting accord-
ingly the same crystallographic orientation. The C36 Laves phase
consisted also of a single grain across the lamella. The local orien-
tation relationship between the Mg matrix and the Laves phase
identified was very similar as found for the lamella cut from the
surface (Fig. 10). Basal planes of both hexagonal phases
exhibited again almost perpendicular relative orientation, with
L[0001] 5, [miﬂ]ﬂ_us =3 and [1210] | [szlm_u; A similar
orientation relationship, specifically  2[0001]gs, D001, _w; =
82° + 10F, was also observed in several other FIB lamellae from
alloys having slightly different compositions but similar
microstructures, as shown in [64] and in Fig. SM 7. The presence
of basal slip traces was identified in the Mg matrix as well as in
the C36 phase. Fig. 11 (b) and (c) show magnified BF images of
the Mg matrix and C36 phase, at the extreme sample tilt condi-
tions, corresponding to B[ 1120]“_.‘ (in (b)) and B||[1010] _Jin
(c)). Basal-plane stacking faults of both phases are observed in
the respective images in edge-on orientations (indicated in (b)
and (c) with yellow arrows ). Corresponding SAED patterns are pre-
sented in(d) and (el It is important to note that BF images of pla-
nar defects in their edge-on orientations were acquired at extreme
o and p tilt values of the TEM sample holder - >80° apart from each
other (at the very limits of the TEM holder tilt capabilities ). Accord-
ingly, the projection thickness of the FIB lamella was exceptionally
high, resulting in a relatively poor quality of the BF TEM images.
Nonetheless, the presence of dislocations evidencing the activation
of a non-basal deformation system within the «-Mg matrix was
also observed here. Sets of dislocations piled-up at the =«-Mg/
Laves phase interface, confined within non-basal slip planes of
the a-Mg grain are indicated in Fig. 11 (b) with blue arrows, while
the line directions of the intersection of their slip planes with the
lamefla surface are appraximately indicated by blue dashed lines.

4. Discussion
4.1. Nanoindentation studies

4.1.1. C5R tests

The KT hardness measured across o-Mg-Laves phase interface
regions is higher than that of the «-Mg phase (which amounts to
s 095 GPa, see Fig. 2). In the case of indents specifically at the
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interface, the higher measured hardness is largely attributed to
the higher hardness of the Laves phase when compared to the soft
o-Mg phase, ie it occurs from a rule-of-mixtures effect, rather
than strengthening resulting from the interfaces inhibiting
dislocation motion. However, due to the complex microstructure
and three-dimensional stress field from indentation, it is not possi-
ble to determine the specific volume fractions of each phase
deformed by each indent and examine this phenomenon in more
detail.

Specifically, the hardness of the Mg Ca phase was measured to
be = 342 GPa atRT 28], nearly 3.5 times higher than that of the a-
Mg phase (= 0.95 GPa at RT). Mo drop in hardness of the MgaCa
phase was observed until 200 =C (see Fig. 2 (a)) This is somewhat
consistent with the results of Kirsten et al. [65], who also reported
only slight loss in the Brinell hardness with temperature for the
Mgz Ca phase up to the ductile-to-brittle-transition temperature
(0.59 Ty, where Ty, is the melting temperature). The hardness mea-
sured across the o-Mg/Laves phase interfaces has the similar level
at BT and at 170 =C This clearly indicates that the Laves phase
retains its hardness at least until 170 =C during the short interval
CSR testing.

However, as expected, the hardness of the «-Mg phase
decreases with temperature (see Table 1). It is therefore assumed
that the superior creep properties of Mg-Al-Ca alloys when com-
pared to conventional Mg-Al-Mn or AZ91 alloys [5-7] is caused
by the fact that the Laves phases maintain their hardness with
temperature up to at least 200 °C.

Moreowver, it is clear from Fig. 2 (a and b) that the hardness of
the #-Mg matrix decreases with temperature and also that an
apparent indentation size effect (at depths below 1000 nm) is
observed for the - Mg matrix at all test temperatures. The inden-
tation size effect is attributed to the density of GNDs generated due
to the strain gradient underneath the indenter [44]. The effect is
maore pronounced at low depths, which are usually encountered
in nanocindentation |44.46]. However, since the indentation size
effect is not the focus of this study, it is not further discussed here.
It can also be seen in Fig. 2 (b-d), that there is a slight but notice-
able increase in mean hardness for the o-Mg phase after an inden-
tation depth of ~ 1000 nm was reached. This is assumed to be
caused by the back stress work hardening associated with the
pile-up of dislocations at «-Mg/Laves phase interfaces surrounding
the indent location at a greater distance.

Fig. 11. Composite microstructure of the FIB lamells, observed in TEM: (a) BF overview image in the indtisl lamellae orientation (withowt any sample tilt) b) Magndfied BF

appearance of deformed s-Mgmatrxin the lamella orlen tation BJ|[1120],_

Basal-plane SFs (edge-on) and non-basal dislocations of the Mgmatrb: are indlcated in (b) with

yellow and blue arrows, respactively. ¢) Basal-slip 5Fs in C36 Laves phase ﬁzﬁmmim in edge-on orlentation at B||[10T0] . d}-e) SAED pat terns corresponding
oy ithee Mg matrx at B|[111q__". and Laves phase at B|[107T0]_, & presented in () and (c), respectively.
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4.1.2. 5R] and creep tests

The strain rate sensitivity and activation volume are two impor-
tant parameters that are connected to the deformation mecha-
nisms of metallic materials [66]. Materials with a high strain rate
sensitivity have a smaller activation volume and hence a higher
probability of thermal activation of plasticity mechanisms
[51,67]. The activation volume of fine-grained Mg alloys at room
temperature was calculated to be within the range of 20-80 b*
by Somekawa et al. [67], who concluded that the rate controlling
mechanism was most likely dislocation cross-slip. Somekawa
et al [54] also carried out nanoindentation studies on coarse
grained (~100 pm ) pure Mg and Mg-0.3 at% (AL Li,Y and Zn) alloys
at room temperature. They calculated activation volumes in the
range of 45-105 b® depending on the different compositions. In
these coarse grained Mg alloys, deformation twins were visible in
the regions around indents, and it was assumed that these defor-
mation twins play a similar role in coarse grained materials as
grain boundaries in fine grained materials: acting as obstacles for
dislocations [54] Table 2 summarizes activation volumes and the
associated mechanisms of different Mg alloys reported in the
literature.

In the present study, the strain rate sensitivity of the «-Mg
phase marginally increased from 0,013 £ 0.06 to 0.023 = 0009
and the activation volume slightly decreased from 86 + 34 b to
70 % 26 b3, when the temperature was increased from 100 C to
170 =C. The values calculated in the present work are close to the
values reported by Somekawa et al [54,67] for fine and coarse
grained Mg alloys. As mentioned, the plastic deformation of Mg
is facilitated by deformation twinning and dislocation slip. Defor-
mation twinning is not a thermally activated process but is impor-
tant for the deformation of Mg alloys [54.69.70]. However, the
strain rate sensitivity and activation volume values obtained from
nanoindentation reveal thermal activation of the «-Mg phase. This
means that in addition to the observed deformation twinning
thermally-activated deformation mechanisms are also active in
the a-Mg phase. The V* values obtained from nanoindentation
SR] tests are below 100 b® (at temperature > 100 =°C) indicating
thermally activated dislocation cross-slip in the o-Mg phase simi-
lar to what has been reported by Somekawa et al. [5467]

The activation volume of a-Mg/Laves phase ((MgAl)}Ca and
MgzCa) interfaces was slightly lower than that of the a-Mg phase
at all testing temperatures (100, 140 and 170 °C, see Table 1L
The hardness of the MgzCa phase stays constant at least till
200 =C, which indicates negligible thermal activation in the tem-
perature range imvestigated for this phase. However, a lower acti-
vation volume of a-Mg-Laves interfaces indicates that thermally
activated mechanisms like interfacial sliding may be active to some
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extent in these interfacial regions. The interfacial sliding in this
alloy system has been reported earlier [30.31.71].

It is evident from Fig. SM 5 that the N value for the Mg Ca phase
appears to change at low strain rates (~ < 0U01/s, ie. in the creep
experiments) and a temperature of 170 =C. The N value for the
MgzCa phase (at low strain rates) is nearly the same as that of
the a-Mg phase. Further, a loss in hardness with holding time is
also observed atlow strain rate for the MgzCa phase. This is consis-
tent with the results published by Rokhlin et al. [25], who reported
a loss in microhardness with increasing holding time at
temperatures = 150 °C. Unfortunately, our data for the MgxCa
phase (as can be seen in the Fig. SM 5) is affected by thermal drift.
Therefore, we did not attempt to derive thermally activated mech-
anisms active in the MgzCa phase based on these experiments.

Similar to what was observed during microindentation (Fig. 6
and Fig. 9), parallel slip lines on the surface of Laves phases (partic-
ularly in (MgAl)}Ca) were also observed in the regions around
nanoindents, indicating that deformation is confined to particular
and equivalent crystallographic planes.

4.2, Co-deformation mechanisms

The CRSS values of all available slip systems differ highly for the
o-Mg matrix and the Laves phases (see Fig 5M 1). It therefore
might be expected that the probability of slip transfer from one
phase to another is low. However, slip transfer from the soft -
Mg phase to Laves phase is exactly what is observed in this work.

Generally, this unexpected slip transfer can be attributed to two
main reasons. Firstly, the slip behaviour observed from individual
single crystal experiments cannot truly account for polycrystalline
alloys. Specifically, in the case of polycrystalline Mg alloys, the
presence of grain boundaries [72,73], alloying elements [74] and
precipitates [75,76] dramatically affects the deformation beha-
viour and activation of non-basal slip systems. Moreover, the CRSS
ratio between non-basal and basal slip systems estimated in poly-
crystalline Mg alloys is quite low (~2<3) in comparison to the esti-
mates deduced from single crystal testing (~80-100) (Fig. SM 1).
Therefore, non-basal slip is also readily observed at room temper-
ature in several Mg alloys [77-79].

Secondly, stress concentrations caused by the pile-up of dislo-
cations at the phase boundaries between the soft matrix and the
hard Laves phases can promote slip transfer. Consequently, it is
assumed that during indentation, basal dislocations in the a-Mg
matrix start to glide first (see Fig 6 and Fig. 7, where basal slip lines
are readily evident around indents). However, their movement is
blocked at the (C36) Laves phase boundaries due to the different
CRSS, crystal structure, nature of dislocations and crystal orienta-

Tahle 2
Activation volumes and asoclsted defrmation mechanisms of pure Mg and Mg alloys
Testing method Material Grain size Activation volume (bY) Proposed mechansms
Compression [58) Pure Mg 120 pm A0 Forest dislocation activity
Compression [58) Pure Mg A0 nm az Twi
Compression [58] Pure Mg 50 nm 12 Grain boundary s1iding
Nanadnde ntation |67 Pure Mg ~2-3 pm 53 Cross-slip
Hanoindentation [57) Mg-031a% Al ~2-3 pm H0.8 Cross-slip
Handindentation [57] Mg- 0.3ack Ca ~2-3 pm =08 Cress-slip
Nanvinecbe tati o |54 Pure Mg 1019 pm a5 Cross-slip
Nanvinecbe nitati o |54 Mg-03 ark Al B3 pm 105 Crass-slip
Nanoindentation [54) Mg-0.3attZn 90.3 pm 93 Cross-slip
Nanodndentation SR] | 53] ZK 60 (Mg-5.5Zn-0.521) ~~20 pm (25%) 738 Grain boundary sliding
~1-15 pm (7551
Tensile [59) Pure Mg 21 pm OF af < 10-Ys B 152 at > 10rYs Grain boundary sliding at < 107%s
and cros-slip at> 107s
Tensile |53 Pure Mg 185 pm 2001 at < 105 & 239 at > 1074Ys Cross-slip and multiple-sip

*Extruded alloy which was subjected to high pressure torsion resulting in 2 bi-modal grain size distribwtion
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Fig. 12. Co-defbrmadon mechanisms of soft o Mg matrx with hard Laves phase, (a) basal slip in the Mg max and pdle-up of dislocations at an & Mgflaves phase
Interface, { b) activation and generaton of non-basal dislocatons in the matrix close to the phase boundary, (c) deformation by basal sip in Laves phase or (d) cracking of the

Laves phase at stres concentration points. (d) might oocur after (o)

tion (see Fig. 10 and Fig. 11) of (C36) Laves phase and the o-Mg
matrix. The blocking of dislocations creates pile-ups of dislocations
at the phase boundaries and an associated strain gradient, shown
by the increasing hardness of deep indents (Fig. 2 (b)) [BO81].
Phase boundaries are generally considered to be stronger obstacles
to dislocation movement than grain boundaries [82-84]. This is
because the transmission of dislocations across phase boundaries
requires in most cases the nucleation of new dislocations due to
the different crystal structures, crystal orientations and lattice
parameters of both phases [82-84]. The pile up of dislocations will
then create back stress work hardening in the «-Mg matrix. The
compatibility and hardening effect by the dislocations pile ups
can then activate several favourably orientated non-basal disloca-
tions sources in the «-Mg matrix and at the phase boundaries. The
pile up of non-basal dislocations at the a-Mg/Laves phase bound-
ary is marked by blue arrows in Fig. 11 (b).

In addition toback stress work hardening of the soft phase, the
pile up of basal and non-basal dislocations at the interface will cre-
ate forward stresses in the C36 Laves phase [80,81]. The magnitude
of the forward stress in the intermetallic phase can be several
times higher than the applied stress and is usually calculated as

(3)

nT,

1z
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where 1, is the applied shear stress and n is the number of disloca-
tions in the pile-up [81.85]. A high stress concentration can then
trigger the activation of basal dislocations in the C36 Laves phase
to release the stress concentration at the phase boundaries. A recent
study by Guénaolé et al. [64] presents the slip transfer mechanisms
from the a-Mg phase to the MgzCa Laves phase in a situation where
both phases are aligned perpendicular to each other. They [G64]
found that under the application of a compressive stress, plasticity
is nucleated in the o-Mg matrix and then the local stress concentra-
tions at the a-Mg/Laves phase interface can induce the nucleation of
prismatic < a > dislocation from the interface. The present work
reports a similar orientation relationship between the Mg phase
and the C36 Laves phase (see Fig. 10 and Fig 11). Howewver, in this
work, basal slip, rather than prismatic slip, was observed in the C36
Laves phase.

The role of non-basal dislocations seems tobe important for the
activation of basal dislocation slip in the C36 Laves phase because
of geometrical reasons. One is the very simple geometric compat-
ibility factor widely used to estimate the ease of slip transfer. This
Luster-Morris parameter, m’, suggested by Luster and Morris, is
calculated as (Eq. (6)) [86]:

m = COS¢h.COSK
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Fig. 13. Significance of the present work and possible fumre work directions. Average hardnes of Mg Al at different temperatures were drawn out fram [57]. Valwes of
minimum creep rates for AMSO ACS0S, ACS10 and AC 515 alloys were extracted from [10], while for AZ91, AXZD11, AXZ931 and AXZ 951 alloys from |5

where ¢ and x are the angle between the slip plane normals and the while for m' = 00 the slip systems are completely incompatible.
slip directions in two neighbouring grains or phases, respectively. When applying this criterion to a-Mg/Laves phase interfaces, it is
Anm’ value close to 1 indicares that the slip systems are crystallo-  highly unlikely that basal slip in the a-Mg matrix will rigger basal
graphically aligned and highly favourable for slip transmission slip in the C36 phase. This is because the basal plane normals of
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both phases, ¢, are at an angle of ~ 90°, causing a low m’ value
However, the pile-up of non-basal dislocations can create relatively
favourable stress concentrations at the o-Mg/Laves phase interface,
which can trigger the activation of basal slip sources in the C36
phase. The proposed mechanism is shown schematically in
Fig 12. Zhu et al [76] also reported the presence of non-basal geo-
metrically necessary dislocations (GNDs) in the Mg phase around
AlzCa Laves phase precipitates. They also reported slip on {111}
planes in the Al;Ca phase

In addition toslip transfer, crack formation in the Laves phase is
anotherway of releasing stress concentrations at the phase bound-
ary. The observed different plastic behaviour such as dislocation
slip or crack formation in the Laves phase is assumed to occur
because of the following three reasons when considering the
observed orientation relationship:

1. The orientation of the cracks (see Fig 9 d) in the Laves phase is
often parallel to the basal plane indicating that the crack might
have formed after some plastic deformation on the basal plane
|64 1 For the crystallographically related p-phase, similar deco-
hesion along planes with high dislocation density after plastic
deformation was observed in deformed micropillars by TEM
[87]

. Due to the preferred orientation relationship between the a-Mg
matrix and the (36 Laves phase, the activation of non-basal slip
inthe a-Mg phase seems critical for initiating slip in the Laves
phase. Therefore, a-Mg grains having a high Schmid {or Taylor)
factor for non-basal slip systems can facilitate slip transmission
from Mg into the Laves phases. Crack formation in the Laves
phase would then be more pronounced, when non-basal slip
inthe «-Mg phase cannot be activated.

. The only mode of plastic deformation of the Laves phase was
basal, therefore, the Schmid factor for basal slip in the C36 Laves
phase is also of significant importance. A C36 Laves phase
loaded having a low Schmid factor for basal slip will have low
chances to undergo plastic deformation and will be prone to
crack formation

Due to the complex stress state associated with indentation,
however, the Schmid factors for several slip systems in this work
could not be computed. The critical resolved shear stresses for acti-
vating slip in the 36 Laves through co-deformation could be
obtained using micro-pillar compression in a future study.

Unfortunately, synthesis of a corresponding sample with large
enough, single phase C36 grains for nanomechanical testing proved
unsuccessful during this work and we therefore compare our
results with the better known and structurally very similar hexag-
onal C14 phase. With suitable bulk 36 Laves phase material
nanomechanical tests could also be performed overa range of tem-
perature to analyse the effect of temperarure on its hardness and
deformation behavior and to potentially separate this from any
effects of changing composition and stacking fault density in the
presence of a matrix phase. A similar challenge exists in simula-
tions, where the awvailability of a ernary Mg-Al-Ca interatomic
potential limits the use of MD simulations that could shed further
light on dislocation mechanisms in the C36 phase and at the Mg-
(36 interface. Until now, such computational work has been lim-
ited to the Mg-C14 system and therefore both experiments and
simulations will benefit from progress in synthesis and empirical
potentials to further reveal and separate the mechanisms we
observe here.

4.3. Implications of the present work for alloy design

As described in the previous sections, the Laves phase is much
harder and requires significantly higher stresses than the a-Mg
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matrix for plastic deformation. The presence of the Laves phase,
therefore, significantly restricts the deformation occurring in the
o-Mg matrix as is evident around the microindents (Fig. 8L Fur-
ther, it is clear from this study that the Mg;Ca phase does not lose
hardness with temperature. This means the Laves phase can pro-
vide strengthening to the a-Mg matrix at elevated temperatures
that are usually encountered during creep loading of automotive
components, like powertrains [4.88], and is most probably the rea-
son for the good creep properties of these alloys.

There are also a few interesting prospects owing to the nature of
co-deformation of the Laves phases in the metallic matrix, namely
that they are apparently non-shearable obstacles to dislocations
but at the same time can relieve the stress of dislocation pile-ups
by nucleation and motion of dislocations inside the intermetallic
phase itself Zhu et al [76] have recently used the non-shearable
yet deformable nature of AlCa precipitates to design a Mg-6Al-
1Ca alloy with significant ductility. They attributed the high work
hardening capacity of the alloy to the increased density of geomet-
rically necessary dislocations nucleated and accumulated around
Al Ca precipitates. Similarly, we also observed plastic deformation
in the (MgAl)}Ca phase itself and non-basal dislecations around
interfaces in this work

As with the case of lean Ca alloys |[76], in alloys with rela-
tively high Ca content the deformable nature of the (MgAlLCa
phase can then also be used as a tool to design creep resistant
alloys that also exhibit sufficient ductility and work hardening
capacity. Since the small size of the microstructure enables plas-
ticity in the Laves phase [2889], there is additional scope for
alloy design in terms of its microstructural length scales. Differ-
ent alloys with varying thicknesses of intermetallic Laves phase
struts (by alloying additions or cooling rate adjustments) can
be produced and then the Laves phase thickness effects on slip
transfer and mechanical properties can be studied and ultimately
used to fine tune the alloy composition. These thoughts are sum-
marised in the Fig 13.

5. Conclusions

The goal of this work was to study the co-deformation beha-
viour of hard Laves phases in a soft magnesium matrix. In particu-
lar, it was necessary to determine the mechanical properties of the
individual phases and thermally activated deformation mecha-
nisms, elucidate the effects of orientation and Laves phase on the
deformation of the a-Mg matrix, and study slip transfer from the
soft «-Mg phase to the hard intermetallic Laves phase. Based on
the results of nano- and microindentation experiments on alloys
A¥44 and Mg-30Ca, along with post-deformation SEM and TEM
studies, the following conclusions can be drawn:

i) The hardness of the «-Mg phase decreases slightly from 0.96
GPa o 0.86 GPa when the temperature increases from RT to
170 =C, while the hardness of the MgzCa phase stays approx-
imately constant. The hardness across o-Mg-Laves phase
interfaces was higher than that observed for the a-Mg phase
at all testing tem perarures.

ii) The strain rate sensitivity of the =-Mg phase slightly
increases from 0,013 = 0,006 at 100 =C to 0.023 = 0.009 at
170 =C while its activation wolume decreases from
2.84 nm? (86 + 34 b*) to 2.31 nm® (70 % 26 b®). These activa-
tion volumes indicate that deformation is dominated by dis-
location cross-slip.

iii) The activation volume at «-Mg/Laves phase interfaces is
smaller than that of the «-Mg phase suggesting that ther-
mally activated mechanisms, like interfacial sliding, are
active in the interfacial regions.



Research Publication 4 — Co-deformation Between the Metallic Matrix and Intermetallic
Phases in a Creep-Resistant Mg-3.68A1-3.8Ca Alloy

M. Zubair, 5 Sandiibes-Haw, M. Lipivska-Chwalek et al

iv) The creep deformation of the MgzCa Laves phase at the same
load and a temperature of 170 °C is significantly lower than
that of the «-Mg phase.

v) The deformation zone around and below indents in the o-
Mg mairix is both orientation-dependent and strongly influ-
enced by adjacent Laves phases Sub-surface deformation
mechanisms are well-represented by deformation around
indents at the surface.

vi) Co-deformation of the Laves phase and the m-Mg matrix
occurs, despite the Laves phase being significantly harder
than the x-Mg phase. This is evidenced by slip lines in the
Laves phase being observed in regions where slip lines or
twins in the «-Mg matrix intersect with the Laves phase.

vii) A preferential orientation relationship, with basal (0001)
planes of the constituent phases being almost perpendicular
to each other, was revealed in the AX44 dual-phase material
investigated by TEM.

viii) Deformation of the «-Mg phase occurs via mechanical twin-
ning, basal and non-basal slip. Howewver, basal slip was
observed to be predominant. The C36 Laves phase deforms
mainly by basal slip as was identified by TEM analysis.
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Fig. SM 1: Difference between the CRSS values for basal slip, prismatic slip and pyramidal slip in o-Mg and
the Mg>Ca Laves phase. The values shown are extracted from [1-4].
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SRR 2 pm
Fig. SM 2: (a): BSE image of creep indents made in the Mg,Ca 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 Mg:;Ca phase. This phase has been characterised as Mg>Ca phase based on SADP
in TEM and by EDS and EBSD in SEM in the earlier work by Zehnder et al. [4].
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Fig. SM 3: Hardness-depth curves of various indents at a-Mg/Laves phase interfaces. At higher depths, the
contribution of the a-Mg phase increases.
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Fig. SM 4: Variation in m with depth for a-Mg phase at all test temperatures
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Fig. SM 5: (a-c): Strain rate vs hardness variation of the Mg>Ca 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-3.94A41-3.83Ca, wt.%5) but similar microstructure, almost perpendicular relative
orientation of the constituent phases ~[1 1 2 0]cse, [0 0 0 1]o.mg= ~ 3°. (@) BF overview image. b) and c)
Magnified BF images of deformation structure in a-Mg matrix and C36 Laves phase, as observed in orientations
corresponding to B [/ [1 1 2 0], (b) and close to B |l [1 1 2 0]c3 (¢). Basal-plane SFs in edge-on orientation
are indicated with yellow arrows. d)-e¢) SAED patterns of the a-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 o and p tilt values of the TEM sample holder (condition B || [1 1 2 0]css 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).
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