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The formation of thermally stable intermetallic phases plays a key role to enable high temperature appli-
cations for Mg alloys. In the ductile Mg-Al-Ca system, Ca-rich Laves phases are expected to be crucial for
improving high temperature mechanical properties. However, the formation mechanisms of Ca-rich Laves
phases are still unresolved. Here, we report atomic-scale experiments and simulations on transformation of
Ca-rich Laves phases and formation of Ca-rich clusters as well as Ca-segregation behaviour in Mg-Al-Ca-Mn
alloys in three conditions: as-cast, homogenised (500 °C, 20 h), and rolled (350 °C). The formation me-
chanisms of C36 Laves phase and Mg-rich particles (eutectic Mg) within C36 Laves phase were attributed to
a divorced eutectic reaction. The transformation mechanisms from C36 to C15 Laves phase were revealed
and discussed in terms of Mg out-diffusion of C36 Laves phase, the partitioning of Al into C36 Laves phase
and the change of stacking sequences. The combined atomic-scale experimental and simulation in-
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vestigation reveals complex interactions among various Ca-rich Laves phases in Mg-Al-Ca-Mn alloys.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Mg alloys, as the lightest structural metallic materials, benefit
from several property combinations such as high specific strength
with respect to weight, good strength at room temperature as well
as relatively large thermal and electrical conductivities [1]. However,
its application potential is still very limited compared to steel and Al
due to some disadvantages such as a relatively complicated pro-
cessing environment requiring gas protection for melting, casting
and deformation, and poor corrosion properties necessitating a
surface treatment. Among its various disadvantages, at least two
important disadvantages greatly hamper its wider application.
Firstly, the mechanical properties of conventional Mg-Al based alloys
(i.e. AZ91, AMG60) at elevated temperatures (i.e. up to 120 °C) are not
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adequate due to the presence of Mgi;Al > phase. Being one of the
most important strengthening phases for low temperature applica-
tions, Mg;,Al > phase can provide effective strengthening effects of
conventional Mg-Al based alloys only up to 120 °C due to the soft-
ening of Mg,Al;; phase and thereby the loss of its strengthening
effect [2]. How to reduce or avoid the formation of Mg;;Al;, phase is
a key point for the further development of Mg-Al based alloys. Ca
alloying of Mg-Al based alloys was reported not only to suppress
formation of Mg;,Al;, phase but, at the same time, to promote for-
mation of various high melting temperature Ca-rich Laves phases
[3-13], which can greatly improve the strength of the alloy at tem-
peratures exceeding 120 °C. Three different Ca-rich Laves phases
have been reported to form in Mg-Al-Ca based alloys: (Mg,Al),Ca
C36 Laves phase (hexagonal, hP24, Ni,Mg prototype, space group
P63/mmc, #194), Al,Ca C15 Laves phase (cubic, cF24, Cu,Mg proto-
type, space group Fd-3m, #227) and Mg,Ca C14 Laves phase (hex-
agonal, hP12, Zn,Mg prototype, space group P63/mmc, #194)
[14-27]. Although the structure, composition and transformation of
these Ca-rich Laves phases has been widely investigated by
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modelling and experiments [14-27], a detailed atomic-scale ex-
perimental and simulation study of the formation and transforma-
tion mechanisms of Ca-rich Laves phases is still lacking. Their
formation and transformation mechanisms of Ca-rich Laves phases
are of central importance to control and optimise the performance of
Mg-Al-Ca based alloys.

Prior to the formation of Ca-rich Laves phases along grain
boundaries, solute segregation of Al and Ca to grain boundaries may
take place in Mg-Al-Ca based alloy, which can improve the form-
ability of Mg-Al-Ca based alloy. In fact, improving the formability of
Mg alloys is also one of the major challenges to advance applications
of Mg alloys. Since Mg possesses a hexagonal close-packed (hcp)
structure, it has less slip systems available for plastic deformation
than cubic alloys (e.g. Al or steel) [1]. Micro-alloying with Ca can be
employed to weaken the texture via solute segregation and de-
formation induced segregation to grain boundaries and thereby
improve the formability of Mg alloys [5]. For example, in binary Mg-
Ca alloys, the addition of a small amount of Ca (0.47 wt%) improved
the ductility of Mg alloys through enhancing the activity of non-
basal <a+c>slip [5]. Still, the physical and thermodynamic me-
chanisms of solute segregation and the deformation-induced seg-
regation to grain boundaries in Mg-Al-Ca based alloys remain
unexplored. In fact, the physical and thermodynamic mechanisms of
solute segregation in Mg-Al-Ca based alloys is far from being fully
understood, particularly because of all the synergy effects resulting
from the different alloying elements and their misfits as solutes in
the Mg matrix.

Accordingly, our study focuses on these two unresolved topics.
We investigate and discuss segregation of Ca solute and formation of
Ca-rich clusters as well as the transformation of Ca-rich Laves phases
in Mg-3Al-1Ca and Mg-3Al-1Ca-1Mn (wt%) alloys in three proces-
sing conditions: as-cast, homogenised (500 °C, 20 h), and rolled
(350 °C). A particular focus is given to the partitioning of Al and the
formation of Mg-rich particles within Ca-rich Laves phases and their
effect on the transformation of Ca-rich Laves phases, elucidated with
the aid of atom probe tomography (APT), high resolution transmis-
sion electron microscopy (TEM), and scanning transmission electron
microscope (STEM) with high angle annular dark field (HAADF)
imaging and energy-dispersive X-ray spectroscopy (EDS). Density
functional theory (DFT) calculations were also employed to validate
the TEM and APT observations. On the basis of this detailed atomic-
scale experimental and simulation study, two possible concepts
about how tailoring the Ca segregation along grain boundaries and
controlling the formation of Ca-rich Laves phases are proposed for
further improving the performance of Mg-Al-Ca based alloys.

2. Methods
2.1. Specimen preparation

Alloys with nominal compositions of Mg-3Al-1Ca and Mg-3Al-
1Ca-1Mn (wt%, used through the paper unless stated otherwise)
were prepared from high purity Mg (99.9 %), Al (99.9 %), Mg-10Ca
and Mg-10Mn master alloys. The alloys were melted in an electric
resistance furnace under protective-gas mixture (CO, with 1 vol %
SFs) and cast into a die mould at about 760 °C. Solution treatment
was performed at 500 °C for 20 h and followed by quenching into
cold water. A subsequent rolling was performed at 350 °C with a
total thickness reduction of 78 % and a final thickness of 1 mm. The
same experimental procedure was applied to both investigated Mg-
3Al-1Ca and Mg-3Al-1Ca-1Mn alloys. A comparative investigation of
Mg-3Al-1Ca and Mg-3Al-1Ca-1Mn alloys aims to clarify the effect of
Mn-alloying on the segregation behaviour of Ca solute and sub-
sequent formation of Ca-rich clusters as well as transformation of
Ca-rich Laves phases (and/or Mn-rich intermetallic phases). For
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comparison, other Mg-Ca binary alloys and Mg-3Al-Ca ternary alloys
were also prepared using the same procedure.

2.2. Microstructure characterisation

Scanning electron microscopy (SEM) and electron backscatter
diffraction (EBSD) measurements were performed by using a Carl
Zeiss Cross Beam 1540EsB equipped with an HKL EBSD detector with
a step size of 0.2 um (for as-cast, homogenised samples). EBSD data
analysis was performed using the TSL software (TSL Version 8.0). The
samples for EBSD were metallographically prepared using SiC papers
and 50 nm diameter silica suspension (water-free), and subse-
quently argon ion beam milled for 1 h using Hitachi IM4000 system.
TEM samples and APT specimens were prepared by an in-situ lift-out
method [28,29] in a focused ion beam (FIB) instrument FEI Helios
Dual Beam SEM/FIB 600/600i. Conventional TEM including selected
area diffraction pattern (SADP) was performed using a Tecnai G2 F20
operated at 200 KV. HAADF STEM imaging and EDS analyses of TEM
samples were conducted with the aid of a probe-corrected FEI Titan
G2 80-200 operated at 200 KV or a probe-corrected Hitachi HF5000
operated at 200 KV. APT experiments were performed on a LEAP
3000X HR (CAMECA Instruments, Madison, WI, USA) local electrode
atom probe with a voltage-pulsed mode or LEAP5096XR (CAMECA
Instruments, Madison, WI, USA) local electrode atom probe with a
voltage-pulsed mode. The pulse repetition rate was 200 kHz and the
target detection rate reached 5 detection events per 1000 pulses. The
pressure in the analysis chamber at the level of 3 x 107! Torr and the
specimen base temperature of 50 K were maintained during mea-
surements. APT data reconstruction and analysis were performed
using Imago Visualisation and Analysis Software (AP Suite 6).

2.3. Mechanical properties

Tensile specimens with a gage length of 4 mm, gage width of
1.8 mm and thickness of 1 mm were machined from the as-rolled
sheets along the rolling direction (RD) and tested by using a Kamrath
& Weiss stage coupled with digital image correlation (DIC) technique
at room temperature with an initial strain rate of 1.0 x 107> s™1. At
least two samples were tested for each condition. The reported va-
lues were taken from the average of tested values. Global and local
strains were also measured by DIC.

2.4. DFT simulation

DFT calculations were performed with the aid of Vienna Ab initio
Simulation Package (VASP) [30,31]| and the projector-augmented
wave pseudopotentials [32]. The quantum mechanical electron-
electron interactions were treated on the level of generalised gra-
dient approximation (GGA) as parametrised by Perdew, Burke and
Ernzerhof [33]. The Monkhorst-Pack k-mesh [34] was Gamma-point
centered with the k-points spacing of approximately 0.04 A™!. De-
fault cut-off energies for the plane-wave expansion were assumed to
be defined by the pseudopotentials, i.e. 270 eV for the combination
of Ca_sv, Mg, Mn_pv and Al potentials. The electronic self-consistent
cycles were considered converged when the total energy change was
less than 107° eV per simulation box. Structural relaxations including
changes of the unit cell shape, volume and atomic positions, were
converged to the total energy change of 10 eV per cell. For the
substitutional studies, only the atomic positions were relaxed. The
energy of formation (E) was calculated as:

Ef = Eior(supercell) — Y njp "
7

where E,(supercell) is the total energy of a supercell containing n;
atoms of species i with the chemical potential ;. These parameters
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Fig. 1. Mechanical properties of Mg-xCa (x: 0.1, 0.2, 0.3, 0.4, 1.0) binary alloys, Mg-3Al-yCa (y: 0, 0.4, 1.0) ternary alloys and Mg-3Al-1Ca-1Mn alloy. (a, b, ¢) engineering stress vs
engineering strain curves, (d, e) the strain hardening capacity (Hc (UTS-YS)/YS) as a function of Ca concentrations in Mg-Ca binary alloys and the Ca/Al ratio in Mg-3Al-Ca ternary
alloys. (f) a comparison of the strain hardening capacity (Hc (UTS-YS)/YS) V.S. elongation in different deformed Mg-Al-Ca based alloys.

were set using fcc-Al, hcp-Mg, hex-Ca, and A12-Mn. VESTA3 soft-
ware was used for visualising the structures [35].

3. Results

In this section, we firstly report mechanical properties and strain
hardening capacity of Mg-Ca binary alloys and Mg-3Al-Ca ternary
alloys as well as Mg-3Al-1Ca-1Mn quaternary alloy after rolling.
Then, we report a detailed TEM and APT characterisation of Ca-rich
Laves phases in Mg-3Al-1Ca ternary alloy and Mg-3Al-1Ca-1Mn
quaternary alloy. Finally, we also report DFT simulation in order to
further support our TEM and APT observations. We can clearly de-
monstrate a good agreement between TEM, APT observation and DFT
simulation.

b
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3.1. Mechanical properties and strain hardening capacity of Mg-Ca
binary alloys and Mg-3Al-Ca ternary alloys as well as Mg-3Al-1Ca-1Mn
alloy after rolling

In order to elucidate the effect of Ca concentrations on the me-
chanical properties in Mg-Ca binary alloy and Mg-3Al-Ca ternary
alloy, five Mg-xCa binary alloys with different Ca concentrations (0.1,
0.2, 0.3, 0.4, 1.0) and three Mg-3Al-yCa (0, 0.4, 1.0) ternary alloys
after rolling were investigated. Tensile testing of Mg-xCa binary al-
loys revealed that with increasing Ca concentrations in Mg-Ca binary
alloys, ultimate tensile strength (UTS) and yield strength (YS) in-
creases but the elongation decreases, as shown in Fig. 1a and Fig.
Sl1a. In contrast, with increasing Ca concentrations in Mg-3Al-Ca
ternary alloys, UTS decreases firstly and then increases slightly, YS
decreases but the elongation increases, as shown in Fig. 1b and Fig.
S1b. The addition of Mn (1 wt%) increases UTS and YS but decreases
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Fig. 2. TEM characterisation of the Ca-rich Laves phase of Mg-3Al-1Ca alloy in the as-cast condition. (a) bright field TEM image, (b) SADP of C36 Laves phase (as marked in (a)), (c)
enlarged HAADF-STEM image of the same region as (a) and the selected regions for EDS analysis, (d-f) EDS maps of Mg, Al, Ca, (g-j) quantitative EDS analyses of the selected
regions (pure C36 (g), Mg-rich particle (h), C36 together with Mg-rich particle (i), and pure Mg matrix (j)) as marked in (d).
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Fig. 3. Microstructure of the rolled Mg-3Al-1Ca-1Mn alloy with the C15 Laves phase observed in [111]cy5 zone axis. (a) HAADF STEM overview image and corresponding SADP of
the C15 Laves phase in [111] zone axis, (b) EDS maps corresponding to the sample area shown in the HAADF image (a), (c) atomic column resolved HAADF STEM image of the C15

Laves phase corresponding to the sample area marked in (b, Ca map).

the elongation due to the formation of AlgMns phase, as shown in
Fig. S1c. Furthermore, an analysis of a normalised parameter of
strain hardening capacity (Hc = (UTS-YS)/YS) in the tensile de-
formation (Fig. 1d, e) shows that with increasing Ca concentrations
in Mg-Ca binary alloys, the strain hardening capacity decreases.
With increasing Ca/Al ratio in Mg-3Al-Ca ternary alloys, the strain
hardening capacity increases. A comparison of the strain hardening
capacity of different deformed Mg-Al-Ca based alloys (Fig. 1f) shows
that the rolled Mg-3Al-1Ca has a highest strain hardening capacity.
Mg-3Al-1Ca alloy was therefore chosen for further TEM and APT
characterisation.

3.2. TEM characterisation of the Ca-rich Laves phases in as-cast
condition and after rolling

The Mg-3Al-1Ca alloy in the as-cast condition only contains the
C36 Laves phase, which was observed by SEM-EBSD (Fig. S2) and by
TEM (Fig. 2a). Selected area diffraction pattern (SADP) studies in the
TEM reveal that the C36 Laves phase and the Mg matrix possess an
orientation relationship (i.e. [1120]mg//[1120]c3s, (0001)mg//
(0001)c36) (Fig. 2b). HAADF-STEM and bright field TEM studies (Fig.
S3) confirm the this orientation relationship and reveal a coherent
(0001)mg//(0001)c36  interface. Furthermore, two long planar
stacking faults within the C36 Laves phase (with a dark contrast in
(Fig. S3a)) are observed parallel to the basal plane (Fig. S3a, b). In-
terestingly, some fine particles with a dark contrast were observed
within the C36 Laves phase under Z-contrast STEM imaging condi-
tions (Fig. 2c). The dark contrast in STEM-HAADF indicates that the
particles are most likely Mg-rich. This was confirmed by STEM-EDS
analysis (Fig. 2d-j) and APT measurements (Fig. 3).

Fig. 2¢ provides an overview on the HAADF-STEM and STEM-EDS
analysis with elemental maps for Mg, Al, Ca and the quantitative EDS
analyses of the selected phases. This includes the composition of the
C36 Laves phase (Fig. 2g), Mg-rich particle (Fig. 2h), the C36 Laves
phase together with Mg-rich particle (Fig. 2i), and the pure Mg
matrix (Fig. 2j), as marked in Fig. 2d. The thickness of the TEM foil
which was used for a standardless-quantitative EDS analysis is about
30 nm as determined by low loss electron energy loss spectroscopy
(EELS). The quantification of the EDS data reveals a (Mg,Al):Ca ratio
of about 3:1, which is much higher than the nominal ratio of 2:1 in
the form of (Mg,Al),Ca, indicating that more Mg and Al are enriched
within the C36 Laves phase due to the non-equilibrium solidification
condition. In addition, the composition of Al (18.3 at%) and Ca (4.5 at
%) within the Mg-rich particle (Fig. 2h) is also much higher than that
(Al=1.6 at% and Ca < 0.1 at%) within the Mg matrix (Fig. 2j). This may

be caused by the surrounding C36 Laves phase contributing to the
EDS signal.

In contrast to the C36 Laves phase in the as-cast condition
(Fig. 2), after rolling, C15 Laves phase was observed in the rolled Mg-
3Al-1Ca-1Mn alloy, as shown in Fig. 3a. The proof of the C15 Laves
phase was based on the corresponding SADP and EDS distribution
maps (Fig. 3b) as well as atomic column resolved HAADF image
(Fig. 3c). It should be noted that the brighter areas observed on the
HAADF image (Fig. 3c) are caused by Pt contamination at the FIB
lamella surface, confirmed to originate from the unfavourable FIB
preparation and not influencing the inherent material structure. All
images presented in Fig. 3 were acquired with the same crystal-
lographic orientation of the sample, corresponding to the beam di-
rection along the [111] crystallographic direction of the cubic C15
Laves phase. SEM-EBSD scans confirm that all detected Laves phase
particles belong to the C15 structure (see e.g. Fig. S4), but it cannot
rule out the possibility that C36 Laves phase may be still present
after rolling. At the same time, a nm-sized Mn-rich and Al-rich
precipitate exists in the material, as can be observed from the EDS
distribution maps (see Fig. 3b (Mn map) and further analysis in Fig
S5). With the aid of SADP, atomic resolved STEM imaging and STEM-
EDS mapping, the Mn-rich particles were identified as AlsMns phase
(Fig. S5).

3.3. APT characterisation of the Ca-rich Laves phases in as-cast
condition and after rolling

As described in Fig. 2, Mg-rich particles were observed within
C36 Laves phase in the as-cast condition. In order to further de-
termine the distribution of Mg within C36 Laves phase in the as-cast
condition, APT was used. Fig. 4 shows a 3D reconstruction of an APT
measurement for the Mg-3Al-1Ca alloy containing a C36 Laves phase
(Al,Ca-rich) and the Mg matrix (Mg-rich). Clearly, in the C36 Laves
phase, Mg-rich particles (with sizes varying between 5nm and
several tens of nm in diameter) and two stacking faults enriched in
Mg (Fig. 4f, g), exhibiting almost 2-dimensional shape (of thickness
below 5nm and length of several tens of nm), were observed. In-
terestingly, the APT bulk composition analysis (Table S1) reveals that
the Mg-rich particles in the C36 Laves phase are with 97.3 at% Mg in
agreement to the matrix (98.2 at%, Table S1). As mentioned before,
the lower Mg concentration of the Mg-rich particle measured by
TEM-EDS (77.2 at%, Fig. 2h) can be caused by C36 composition con-
tributions from parts of the TEM foil. On the basis of APT observa-
tion, it can be concluded that the Mg-rich particles within the C36
Laves phase is compositionally the same as the a-Mg matrix. This
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Fig. 4. 3D reconstruction of APT measurement for the Mg-3Al-1Ca alloy in the as-cast condition within the material volume containing C36 Laves phase (Al,Ca-rich) and primary
a-Mg matrix (Mg-rich). (a) distribution maps of Mg, Al, and Ca. (b, ¢) 0.1 at% Mg isosurface. In (b), the measured regions for bulk composition were marked using 1-4. The
measured bulk composition is listed in Table S1. In (c), the regions for 1D concentration profiles were marked using d-g. (d-g) 1D concentration profiles measured by a cylinder of

2 nm in diameter across the marked regions (d-g) in (c), respectively.

can be attributed to a divorced eutectic reaction under non-equili-
brium solidification condition and can be regarded as eutectic Mg, as
discussed later. Mg-rich clusters were also observed within the C36
Laves phase in Mg-5Al-3Ca-0.7Sr-0.2Mn alloy [36]. It should be
noted that the volume of the measured regions for bulk composition
analysis cannot be clearly shown in Fig. 4b in two dimensions. One
3D movie with the marked regions is therefore enclosed as movie S1.

Supplementary material related to this article can be found on-
line at doi:10.1016/j.jallcom.2022.167177.

After rolling at 350 °C, both C36 Laves phase and C15 Laves phase
were observed in Mg-3Al-1Ca alloy using APT. Fig. 5 shows a 3D
reconstruction of a material volume containing an Al- and Ca-rich
particle of several tens of nm in size displaying Mg, Al and Ca within
the reconstructed volume. The results reveal a Ca-rich Laves phase
with a layered structure (Fig. 5b). The composition profile (Fig. 5c,

position marked in Fig. 5b, Ca map) through the particle confirms
the presence of Al, Ca and Mg, indicating that it is likely the C36
Laves phase. Mg-rich interlayers (about 5nm in thickness) are ob-
served within the C36 Laves phase, which may be related to the Mg-
rich particles in the as-cast condition. The concentration modula-
tions also suggest that the transformation from the C36 Laves phase
to the C15 Laves phase is not fully completed and some few C36
Laves phase still survives even after at 500 °C for 20 h and rolling at
350 °C. A trace amount of Al partitions into the C36 Laves phase, as
shown in Fig. 5c.

Fig. 6a shows a 3D reconstruction of the APT measurement for
the rolled Mg-3Al-1Ca alloy within the material volume only con-
taining C15 Laves phase. The measured bulk composition is listed in
Table S2. It should be noted that the volume of the measured regions
for bulk composition analysis cannot be clearly shown in the two-
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Fig. 5. 3D reconstruction of APT measurement for the rolled Mg-3Al-1Ca alloy within the material volume containing C36 Laves phase. (a) distribution maps of Mg, Al, and Ca. (b)
an enlarged Mg, Al and Ca atoms map taken from the regions as marked in (a), (c) 1D concentration profile measured by a cylinder of 2 nm in diameter across the particle marked

with a white line in the Ca distribution map in (b).

dimensional projection of Fig. 6b. One 3D movie with the marked
regions is therefore enclosed as movie S2. The quantitative analysis
(Table S2, Fig. 6¢, d) confirms an overall particle composition of
about 65.6at% Al and 30.9 at% Ca, corresponding very well to the
nominal composition of the C15 Laves phase (Al,Ca). Furthermore,
trace Mg (about 3.5 at%) was measured within the C15 Laves phase.
Several Mg segregation layers are found locally within the C15 Laves

phase (see 8 at% Mg iso-surfaces in Fig. 6b). The distribution of Al
and Ca across the particle volume (Fig. 6b) is far more uniform than
in the case of the C36 Laves phase in the as-cast condition (Fig. 4),
strongly indicating that a significant solute distribution takes place
during homogenisation and rolling. For example, Mg diffuses out of
the Ca-rich Laves phase, while Al diffuses into the Ca-rich Laves
phase.
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Fig. 6. 3D reconstruction of an APT measurement for the rolled Mg-3Al-1Ca alloy within the material volume only containing C15 Laves phase. (a) distribution maps of Mg, Al, and
Ca. (b) the Mg isosurface using 8 at%. In (b), the measured regions for bulk composition were marked. The measured bulk composition was listed in Table S2. In (b), the measured
regions for 1D concentration profile were marked using c, d. (c, d) 1D concentration profile measured by a cylinder of 2 nm in diameter across the two Mg-rich layers marked

in (b).
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Supplementary material related to this article can be found on-
line at doi:10.1016/j.jallcom.2022.167177.

Apart from the C36 Laves phase (Fig. 5) and C15 Laves phase
(Fig. 6), Fig. 7a shows a 3D reconstruction of the material volume
containing three grain boundaries and Ca-rich clusters. The corre-
sponding grains are defined as G1, G2, G3 and the grains boundaries
between G1 and G3, G1 and G2, G2 and G3 are defined as GB1, GB2
and GB3, respectively. Ca-rich clusters were observed along all three
grain boundaries (GB1, GB2 and GB3). However, larger Ca-rich
clusters were observed along one specific grain boundary (i.e. GB1
between G1 and G3), as shown in Fig. 7c. The composition profile
shown in Fig. 7d, e was extracted from a cylinder (displayed in the Ca
distribution map (Fig. 7b)) through the particle along the GB1
(perpendicular or parallel to GB1) and confirms presence of Ca-rich
clusters. For clarity, one movie is also enclosed as supplementary
information (movie S3) to clearly show the Ca-rich clusters along
these three grain boundaries. Minimum misorientation angles be-
tween the three considered grains (G1, G2 and G3) were calculated
by the method described in [37] and amount to about 8.7° (G1 and
G2),17.9° (G1 and G3) and 10.7° (G2 and G3), respectively. It is worth
noting that most Ca-rich particles form along GB1 with the highest
misorientation angle (17.9° between G1 and G3), indicating a fa-
vourable segregation of Ca to grain boundaries with higher mis-
orientation angles, providing higher free volume for segregation and
subsequent precipitation. However, it should be noted here that
besides the misorientation angles, other possible factors (i.e. the
diffusion behaviour along the grain boundaries) may also need to be
taken into consideration. For example, the so-called pipe diffusion
[2] may occur. The solute of Al and Ca may diffuse through one grain
boundary (as a diffusion channel) and then enrich into another grain
boundary. The crystallographic character of the grain boundaries
may also have a significant effect on the solute segregation to grain
boundaries. In this sense, engineering grain boundaries can be used
to tailor the solute segregation along grain boundaries. For example,
increasing the density of grain boundaries with a higher mis-
orientation angle may enhance the solute segregation along grain
boundaries and thereby promote the formation of Ca-rich Laves

phase. A similar Ca segregation along grain boundaries was also
observed in Mg-3Al-1Zn-0.3Ca alloy [38]. However, it should be
noted that in the present investigation, the Ca concentration is re-
latively high (about 1 wt%) compared with 0.3 wt% Ca in [38] and
therefore most Ca is expected to form the Ca-rich Laves phase. No
significant Ca segregation along grain boundaries was observed,
which is in contrast to Al. The segregation of Al along grain
boundaries was always observed in rolled Mg-3Al-1Ca alloy.

Supplementary material related to this article can be found on-
line at doi:10.1016/j.jallcom.2022.167177.

APT analyses performed for the rolled Mg-3Al-1Ca-1Mn alloy will
be discussed based on a 3D reconstruction containing two nano-
metre-sized Mn-rich particles and two grain boundaries in the
analysed volume (Fig. 8). For clarity, one movie (movie S4) clearly
shows these two nanometre-sized Mn-rich particles and two grain
boundaries. A trace Ca segregation was observed in the interface
between the Mn-rich particle and Mg matrix (Fig. 8b). It should be
noted here that determining Ca concentration is impossible for this
dataset due to its trace level. For clarity, another dataset (Fig. S6)
clearly shows the Ca segregation in the interface between the Mn-
rich particle and Mg matrix. 1D concentration profile extracted from
a cylinder across the Mn-rich particle (Fig. 8¢, as indicated in the Mn
distribution map by the black cylinder of 2 nm in diameter (Fig. 8a))
reveal an Al/Mn ratio corresponding to the AlgMns phase. This is
consistent with our thermodynamic calculations (Figs. S7-9) and
TEM observations (Fig. S5). Compositional analysis of one grain
boundary by the concentration profile (Fig. 8d) reveals Al grain
boundary segregation, while no Ca segregation was observed. This
result for the rolled Mg-3Al-1Ca-1Mn alloy is in contrast to the Mn-
free Mg-3Al-1Ca alloy (Fig. 7). Based on these results we speculate
that the presence of AlgMns phase can enhance the Ca enrichment at
the interface of AlgMns particles (Fig. 8b, S6, Ca map) and finally lead
to the formation of the Ca-rich Laves phase.

Supplementary material related to this article can be found on-
line at doi:10.1016/j.jallcom.2022.167177.
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the Al distribution map in a).
3.4. DFT calculation on the preference of Ca-rich Laves phases

Two Ca-rich laves phases (C36 and C15) were observed using
TEM (Figs. 2 and 3) and APT (Figs. 4-6). Furthermore, stacking faults
were also observed within these two Ca-rich Laves phases. In order
to determine the preference of Ca-rich Laves phases and the role of
stacking sequence on the formation of Ca-rich Laves phase, DFT
calculations was performed. The DFT calculations (Fig. 9) reveal that
the energetically favourable configuration for Al-free case is the C14
Laves phase (black in Fig. 9b), whereas for Mg-free case it is the C15
Laves phase (red in Fig. 9b). This prediction is expected as the most
stable phase of Mg,Ca (AlCa,) is a prototype of the C14 (C15)
structure. However, it is interesting to note that, for the intermediate
composition range (i.e. Al/(Al + Mg)) ratio between 0.25 and 0.75),
the C36 Laves phase becomes energetically very close to both C14
Laves phase and C15 Laves phase (C15 is preferred over C14 for Al/
(Al + Mg) =~ 0.35). Considering the structural details depicted in
Fig. 9a, the C14, C15 and C36 Laves phases consist of the same type of
close-packed planes with different stacking sequences, which can be
described by a stacking sequence of close-packed planes (shown in
Fig. 9a) as AA’'AA’AA’ (for C14), ABCABC (for C15) and ABB’A’AB (for
C36). In particular, the stacking sequence of the Ca double-planes
(large green atoms) changes from AA’AA’ in the C14 Laves phase, via
ABCA in the C15 Laves phase to AA'BB’ in the C36 Laves phase. The
corresponding stacking fault energies resulting from interexchange
of the stacking sequences between the three Ca-rich Laves phases,
are expected to be negligibly small. This prediction of the small
stacking fault energies is further strengthened by very similar spe-
cific volumes for Ca-rich Laves phases containing both Al and Mg, in
particular for the C14 and C15 Laves phases, as shown in Fig. 9c.
Consequently, any excess volume or incoherency stresses that can be
introduced by stacking faults are expected to be reasonably low. In

another case, the phase transformations and the appearance of
stacking fault would be energetically strongly unfavoured.

3.5. DFT calculation on Ca segregation to the interface between AlgMns
and Mg

As shown in Fig. 8b and Fig. S5, the Ca segregation to the inter-
face between AlgMns and Mg was observed using APT. In order to
elucidate this phenomenon, we used DFT calculations to establish a
preferred substitutional site occupation for Ca in AlgMns. The energy
of formation for substitution of Mn and Al sites by Ca was evaluated
as a function of the local compound stoichiometry/alloy composition
of the substituted site given in a form ofAl/(Al + Mn) ratio. Our re-
sults are shown in Fig. 10a and indicate that: (i) Ca preferably sub-
stitutes for Al than Mn sites, and (ii) Al-rich local neighbourhoods of
the substituted Ca are slightly preferred. Subsequently, the interface
structure needs to be established. To do so, a 4 x 4 x 3 supercell of Mg
and 1x1x2 supercell of AlgMns were joined together along the
(0001) plane to form a simulation box with overall 264 atoms, as
shown in Fig. 10b. It should be noted that the two structures exhibit
only a small lattice mismatch (~1.9 %) along this interface. Inspecting
the structural projection presented in Fig. 10b, it can be seen that
there are many possible non-equivalent shifts of the atoms of
AlgMns inside its unit cell, both in-plane and out-of-plane (with
respect to the interface plane). Therefore, a series of AlgMns unit
cells, mutually differing by a uniform displacement of the atoms
with respect to the unit cell reference box (i.e. each obtained by
shifting all atoms in the unit cell by the same constant vector) were
combined with the same 4 x 4 x 3 Mg supercell. In this way, a series
of 48 different interfacial structures were generated, which were
subsequently structurally relaxed. The interface energy was found to
reach minimum as the number of bonds across the interface is
minimised (Fig. 10c); these energy convenient configurations with a
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minimum energy contain mainly Mn-Mg bonds across the interface,
whereas the number of Al-Mg bonds is minimised. The bonds were
identified purely on a geometrical analysis in which nearest neigh-
bours within a sphere of a given radius based on the respective
atomic radii (2.75A and 2.90A for the Al-Mg and Mn-Mg bonds)
were counted for the atoms located at the interface.

The interface with the lowest energy was chosen for further in-
vestigations; all interface atoms were one-by-one replaced by Ca,
thus probing 69 interface segregation sites for Ca. Based on the
change of the overall system formation energy (calculated with re-
spect to individual species in their standard structures, Eq. (1) in the
Methods), it appears that Ca strongly prefers to replace Mn in the
interface, as shown in Fig. 10d. The least preferred substitution is for
Mg. Thus, the interface is predicted to become Mn-lean due to the
segregation (and substitution) of Ca. This indicates that the forma-
tion of AlgMns phase may promote the Ca segregation at the inter-
face between AlgMns phase and Mg matrix. In this sense, optimising
Mn concentration and/or Ca/Mn ratio can be used to control the
formation of Ca-rich Laves phase.

4. Discussion

4.1. Formation of Mg-rich particles within C36 Laves phase via divorced
eutectic reaction

Mg-rich particles within C36 Laves phase were observed using
TEM (Fig. 2) and APT (Fig. 4). It should be noted here that the same
structural feature was also observed in Mg-5Al-3Ca-0.7Sr-0.2Mn
alloy [36], which was defined as Mg-rich clusters (with C36 structure
type) within C36 Laves phase. It was assumed [36] that after the first
stage of solidification of the C36 phase the liquid is depleted in Ca
and Al, and therefore Mg-rich clusters can form within the eutectic.
Because the contents of Ca and Al are still high, the C36 phase can

still form within the eutectic C36 phase. This was attributed to the
possibility of solidification of the C36 phase in a wide range of
homogeneity. However, other possible formation mechanisms of
Mg-rich particles still remain to be explored. One possible formation
mechanism is discussed here. Mg-rich particles may form via a di-
vorced eutectic reaction together with C36 Laves phase. It is well-
known that, in the case of divorced eutectics, the two phases of the
eutectic grow independently from one another. When the divorced
eutectic reaction takes place at the last stage of solidification, the
fraction of remaining liquid is so small that the width is comparable
to the eutectic spacing. According to the Thermo-Clalc simulation
(Fig. S7, S8), when the divorced eutectic reaction takes place at
540 °C, the remaining liquid is only 0.15 mol %. Furthermore, within
this small highly (Al, Ca)-enriched liquid, the content of Al and Ca
increases rapidly in the vicinity of the boundary. In such a situation,
the eutectic phases (eutectic Mg and eutectic C36 Laves phase) may
form as a layer between the primary o-Mg dendrites or just as a
single particle, which fits exactly the present observation (eutectic
Mg and eutectic C36 Laves phase grow together as a single particle).
The coherent orientation relationship between the Mg-rich particles
and the C36 Laves phase (Fig. 2b, S2) also indicates their formation
by a divorced eutectic reaction. In this sense, the Mg-rich particles
can be regarded as eutectic Mg. It should be noted that the presence
of defects (i.e. stacking faults (Figs. S2, 4)) may promote the segre-
gation of Mg along these defects and thereby motivate the occur-
rence of divorced eutectic reaction. Further investigation on the
relationship between defects and divorced eutectic reaction is still
needed. Furthermore, the orientation relationship between o-Mg
phase (primary phase) and C36 Laves phase shows a small mismatch
(Fig. 2b), indicating that C36 Laves phase may nucleate from the
primary a-Mg dendrites via a divorced eutectic reaction. This type of
divorced eutectic reaction has been observed experimentally and
predicted using phase field simulation between eutectic Mg;,Al;, (p-
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phase) and eutectic Mg in Mg-Al based alloy [39,40]. However, the
present observation shows that the eutectic phases (eutectic Mg and
eutectic C36 Laves phase) form as a single particle.

4.2. The transformation mechanism of the Ca-rich Laves phases

Two different Ca-rich Laves phase (C36 Laves phase and C15
Laves phase) were observed using TEM and APT. These experimental
observations are fully consistent with our Thermo-Calc simulations.
In the as-cast condition, the C36 Laves phase forms during the so-
lidification process via a eutectic reaction. Two types of eutectic
reactions have been reported in the literature for the formation of
C36 Laves phase [18]. According to our Thermo-Calc simulation (Figs.
S7-9), the eutectic reaction: Liq — eutectic Mg + C36 is most likely to
occur, which suggests that C36 Laves phase forms directly from the
liquid, together with eutectic Mg. During the solution treatment
applied in our study (500 °C for 20 h), the C36 Laves phase gradually
transforms into the C15 Laves phase or the C15 Laves phase forms
separately independent of the C36 Laves phase, as shown in
Figs. 4-6. At least two aspects should be taken into consideration
when discussing the possible transformation mechanism. The first
aspect is the change of the composition within the Ca-rich Laves
phases. As reported in [ 19], within the eutectic region, a-Mg contains
excess Al due to the fact that the solubility limit of Al in a-Mg de-
creases with decreasing temperature. During our solution treatment,
the excess Al can diffuse into C36 Laves phase and impose a change
in its Mg:Al ratio and thereby induce the phase transformation from
C36 Laves phase into Al-rich C15 Laves phase. DFT calculations
(Fig. 9) also support this phase transformation from C36 Laves
phases to C15 Laves phase due to the fact that the formation energy
and specific volume of the C36 Laves phases is marginally lower than

that of C15 Laves phase with increasing theAl/(Al + Mg) fraction up
to 0.8. The second aspect of the possible transformation mechanism
is the change of the stacking sequence. As discussed above (Fig. 9),
the C15 Laves phases and C36 Laves phases consist of the same type
of close-packed planes with different stacking sequences. The
transformation from C36 Laves phases to C15 Laves phase was re-
ported to be geometrically possible by a shear mechanism via syn-
chro-Shockley dislocations [41,42]. Our DFT calculations (Fig. 9)
provide evidence that the corresponding stacking fault energies are
negligibly small. Accordingly, formation of the planar stacking fault
within the C36 and C15 Laves phases becomes very likely to occur,
which can be further supported by TEM and APT observations in
Figs. S2a, b, 4 (for C36 Laves phases) and Fig. 6 (for C15 Laves
phases). The combined effect of the partitioning of Al into the C36
Laves phase and the change of the stacking sequence leads to the
transformation from C36 to the C15 Laves phase. This transformation
sequence is also consistent with the results of Min et al. [16] who
found that the bond network of the C15 Laves phase has a higher
bond energy and stability than that of C36 Laves phase. Due to the
presence of deformable C15 Laves phase, the mechanical properties,
in particular the strain hardening capacity, improve, as shown
in Fig. 1.

5. Conclusions

In summary, we have investigated the segregation of Ca into
grain boundaries and formation of Ca-rich clusters or Ca-rich Laves
phases in Mg-3Al-1Ca and Mg-3Al-1Ca-1Mn alloys in three proces-
sing conditions (as-cast, homogenised (500°C, 20h), and rolled
(350°C)). In as-cast condition, Mg-rich particles with an oval mor-
phology, a size of 20 nm and an enrichment of trace Al (8.6 at%) were
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observed within C36 Laves phase, which can be attributed to the
divorced eutectic reaction under non-equilibrium solidification
condition. After homogenisation at 500 °C for 20 h and/or rolling at
350°C, the C36 Laves phase has transformed into the C15 Laves
phase. The transformation mechanism from C36 to C15 Laves phase
is postulated to take place in terms of the diffusion of Mg out of C36
Laves phase, the partitioning of Al into C36 Laves phase and the
change of stacking sequences. The latter is further supported by the
negligibly small difference in DFT calculated stacking fault energies
between the three Ca-rich Laves phases. Two types of Ca segregation
were observed. Firstly, APT revealed a strong Ca segregation to grain
boundaries with a high misorientation angle, which is proposed to
play a role as a precursor for the formation of the Ca-rich Laves
phases (i.e. C36 Laves phase and/or C15 Laves phase). Secondly, Ca
segregation at the interface between AlgMns and Mg matrix was also
observed via APT. Again, DFT calculations reveal that the formation
of AlgMns phase may promote the Ca segregation to the AlgMns - Mg
matrix interface, as the Mn-lean and Ca-enriched interfaces between
both are found to be energetically favourable. On the basis of these
two types of Ca segregations, two possible concepts (by engineering
grain boundaries and tailoring the solute segregation of Al and Ca
along grain boundaries, or by optimising Mn concentration and Ca/
Mn ratio) were therefore proposed to further improve performance
of Mg-Al-Ca-Mn based alloys.
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