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1. Introduction

Magnesium (Mg) and its alloys are the lightest structural materi-
als. The use of Mg sheet material is limited due to its low room-
temperature ductility, whereas cast alloys are widely used.[1]

The demand for lighter materials in the automotive and

aerospace industries has generated consid-
erable interest in the development of Mg-
wrought alloys, particularly in view of the
dramatic increase in the weight of electric
vehicles.[2] Considering that an sport utility
vehicle now weighs around 3 tonnes, light-
weight materials are needed in addition to
lightweight design. In particular, due to the
limited room-temperature ductility of pure
Mg of only 3% tensile elongation,[3] form-
ing and machining of wrought Mg alloys is
still a barrier for most applications.[4,5] The
deformation of Mg and its alloys is mainly
realized by basal <a> slip and tensile twin-
ning as the critical resolved shear stress
(CRSS) of the other slip and twinning sys-
tems is significantly higher (up to 100
times).[6] This predominant activation of
basal slip in conjunction with extension
twinning results in the formation of basal
textures during rolling.[7] Activation of
non-basal slip systems, in particular <cþ

a> slip, can improve the room-temperature ductility by allowing
strain accommodation along the crystal c-axis, that is not possible
when only<a> dislocations are active. Over the last decades, sev-
eral approaches such as microstructure optimization (grain
refinement[8,9] and second-phase precipitates[10]) and advanced
processing (extrusion[11,12] and asymmetric forming[13]) have
been pursued to improve the ductility of Mg. Further research
has focused on improving the intrinsic ductility with the aim
of increasing the room-temperature formability of Mg alloys.
Two main strategies for increasing room-temperature ductility
have been identified.[4,7,14–17] First, activation of non-basal slip
systems to satisfy the von Mises criterion (i.e., activation of five
independent slip systems in the single-crystal yield surface) and
allow arbitrary shape changes that are not possible by basal slip
alone.[4,14] Second, softening of the strong basal-type texture
allows basal slip in more grains and also allows the activation
of non-basal slip systems due to their higher resolved shear
stresses, both of which contribute to improved formability.[7,15–17]

Previous research has shown that alloying of Mg up to a few
wt% with rare-earth (RE) elements,[18–21] lithium (Li),[22–24] and
yttrium (Y)[25,26] can significantly improve the intrinsic ductility.
In these papers, the authors reported increased activity of non-basal
slip.[18–26] However, the RE elements, Li and Y, are costly, require
complex processing, and have a poor recyclability, making
such alloy variants unsustainable and commercially unviable.
Therefore, research on other possible alloy compositions has been
investigated. Ternary alloys with Mg–Zn–Ca[27–30] have been
reported to exhibit improved ductility, as have Mg–Al–Ca
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Magnesium and its alloys offer huge potential for lightweight applications.
However, many Mg alloys suffer from limited room-temperature formability. It has
previously been shown that the addition of aluminium and calcium to Mg can
improve ductility. Therefore, in the present work, it is aimed to systematically vary
the alloying content of Al and Ca and to study their effects on the slip system
activity and crystallographic texture after rolling and recrystallization. In the
results, it is shown that all investigated ternary alloys in the range of 1–2 wt%
Al and 0.005–0.5 wt% Ca have an increased ductility (in the range of 10–17%
increase compared to pure Mg), whereas the binary Mg–Al and Mg–Ca alloys
suffer from limited ductility (10% tensile elongation) and strength (175MPa
ultimate tensile strength). Non-basal and especially <cþ a>-slip is active in
all compositions (in 15–33% of the grains examined). Basal-type textures are
observed for all compositions, but with significantly weaker basal peak intensities
for Ca-containing samples when compared to pure Mg. The combination of
activation of the <cþ a> slip system and texture weakening is discussed as
being responsible for the improved ductility of the ternary Mg–Al–Ca alloys.
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alloys.[3,29,31] Solid solution Mg–Al–Ca ternary alloys have been
found to give similar properties toMg–RE,Mg–Li, andMg-Y alloys,
but the underlying dislocation slip mechanisms are still unclear.[3]

Therefore, in the present study, we investigated the activation
of slip systems in binary and ternary Mg–Al–Ca with varying
amounts of Al and Ca to contribute to a better understanding
of the influence of Al and Ca on the texture and slip system acti-
vation. Tensile and compression testing, X-ray diffraction (XRD),
electron backscatter diffraction (EBSD), and EBSD-assisted slip
line analysis were used.

2. Experimental Section

All alloys were cast and then hot-rolled to a total thickness reduc-
tion of 50%. Casting was performed in an induction furnace
under Ar atmosphere and pressure with elemental Mg, Al,
and Ca (all >99.98% purity). Hot-rolling was carried out in steps
of 10% thickness reduction at 430 °C with 10min reheating in
between followed by a recrystallization treatment at an annealing
temperature of 450 °C for 15min and water quenching.

An overview of the alloys studied in this work is given in
Table 1. All compositions are in wt%, unless otherwise stated.

Thermodynamic calculations of the Mg–Al–Ca system were
carried out using Thermo–Calc software[32] and the database
of Janz et al.[33] This was done to investigate the solubility ranges
of the alloying elements and to observe the precipitation behavior
in the Mg-rich corner of the ternary-phase diagram.

Samples for mechanical testing were cut from the sheets
(initial thickness between 11.9 and 13.4mm) by electrical
discharge machining. Tensile tests were performed in the trans-
verse direction (TD) direction using flat specimens with a gauge
length of 10mm and a constant cross section of 1.88� 1.50mm
(width� thickness). Tensile tests were performed under strain
control on an electromechanical testing machine (DZM) at an
initial strain rate of 10�3 s�1. Compression test specimen had
a cylindrical geometry with a height of 9mm and a cross section
of 6mm, i.e., an aspect ratio of 1.5. Compression tests were also
performed in TD using a ZWICK 1484 universal testing machine
with an initial strain rate of 10�3 s�1. A minimum of three speci-
mens per composition and test mode were tested.

Samples for scanning electron microscopy (SEM) were first
mechanically ground, then polished to 0.25 μm with diamond
paste and finally electropolished using Struers AC2 electrolyte.
An SEM (Zeiss LEO1530) equipped with an EBSD detector
(Oxford Instruments plc/HKL) was used for grain size
measurement.

Pole figures were collected with a Bruker D8 Advanced
X-ray goniometer using a FeKα target. The XRD samples were
mechanically ground and then polished to 3 μm with diamond
paste. Measurements were made in the normal direction
(ND)–TD–plane on an area of 6� 6 μm2 (S1–S8) and
10� 10 μm2 (S9). For the calculation of the orientation distribu-
tion function, a value of 3.5° was used for both for half-width and
resolution. The pole figures were then rotated to the rolling direc-
tion (RD)–TD–plane to examine the (0002)-peak intensities.

Slip line analysis was performed in the ND–TD-plane on com-
pressed cuboidal specimens (1� 1 cm� sheet thickness), which
have a flat surface parallel to the direction of loading and allow
metallographic preparation for suitable slip line investigation.
The preparation surface to be analyzed was identical to that used
for SEM specimens. Compression was applied normal to
RD until a total plastic deformation of�3% was achieved. The pro-
cess was strain controlled using an initial strain rate of 10�3 s�1 on
a ZWICK 1484 universal testing machine. Secondary electron (SE)
images and EBSDmaps for slip line analysis were obtained using a
dual-beam SEM-focused ion beam (FIB) (Helios Nanolab 600i,
FEI, Eindhoven, NL). For better contrast, both, the SE images
and EBSD maps, were acquired under at angle of 70°. Tilt
correction was used to transform the images and maps to 0°
(unprojected) dimensions. The SE images were acquired at
15 kV acceleration voltage, 1.4 nA current and 1000� (S1–S8)
and 500� (S9) magnification. Due to distortions, the EBSD maps
were taken at 800� (S1–S8) and 420� (S9) magnification at 20 kV
acceleration voltage, 5.5 nA current, and using a step size of 0.7 μm
(S1–S8) and 1 μm (S9). The reason for using different parameters
for alloy S9 is the significantly larger grain size in S9. For each
alloy, three areas of the surface were analyzed and visible slip lines
were correlated to the corresponding slip system.

Precipitates that formed in alloy S1 were characterized by
transmission electron microscopy (TEM) on samples that were
prepared site-specifically using FIB. Measurements were made
using a Jeol JEM-F200 operated at 200 kV.

Data post-processing was performed using the MTEX package
for MatLab,[34] and OIM Analysis 8 from EDAX and ATEX.[35]

3. Results

3.1. Thermodynamic Modeling

Prior to the experiments, Thermo–Calc was used with the data-
base from Janz et al.[33] to calculate the solubility limits of Ca in
Mg in the presence of Al. This database is widely used for Mg
alloys alloyed with Al and Ca and has been shown to have a high
accuracy for Mg-rich alloys, including the solubility limits of the
Mg matrix. In the Mg–Al–Ca system, intermetallic Laves phases
can form, of which the cubic C15 CaAl2, the hexagonal C14
CaMg2, and the hexagonal C36 Ca(Mg,Al)2 phases have been
mainly studied and can form in the Mg-rich corner.[36–40]

Table 1. Nominal compositions and chemical analysis measured by
inductively coupled plasma optical emission spectrometry (ICP-OES) with
impurities of the investigated compositions. All compositions are in wt%.

Sample Nominal composition Mg Al Ca Cu Ni

S1 1Al–0.5Ca Bal. 1.040 0.524 <0.002 <0.002

S2 1Al–0.005Ca Bal. 1.080 0.006 0.004 <0.002

S3 1Al–0.1Ca Bal. 1.040 0.103 <0.002 <0.002

S4 1Al–0.2Ca Bal. 1.100 0.232 0.002 <0.002

S5 2Al–0.005Ca Bal. 2.110 0.007 <0.002 <0.002

S6 2Al–0.1Ca Bal. 2.140 0.113 <0.002 <0.002

S7 2Al–0.2Ca Bal. 2.120 0.217 0.002 <0.002

S8 0.1Ca Bal. 0.044 0.108 <0.002 <0.002

S9 1Al Bal. 1.000 <0.001 <0.001 <0.001
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However, the stability range of the C36 phase in Mg-rich alloys is
still unclear. Figure 1 shows a) the calculated isothermal
section at 450 °C and b) the Mg-rich corner including the com-
positions of the investigated alloys.

As can be seen in Figure 1b, the solubility of Ca decreases
with increasing amount of Al. This has already been observed
by Jo et al.[41] Considering the compositions studied, S2
(Mg–1Al–0.005Ca), S5 (Mg–2Al–0.005Ca), S8 (Mg–0.1Ca), and
S9 (Mg–1Al) are expected to be single phase (Mg) solid solution
alloys. S3 (Mg–1Al–0.1Ca) is very close to the solubility limit. S6
(Mg–2Al–0.1Ca) and S7 (Mg–2Al–0.2Ca) are above the solubility
limit and could contain C15 precipitates, while S4 (Mg–1Al–0.2Ca)
may contain C36 precipitates and S1 (Mg–1Al–0.5Ca) may contain
both C14 and C36 precipitates. However, it should be noted that all
compositions are very close to the solubility limit and, except in
alloy S1 (Mg–1Al–0.5Ca), we have not observed precipitates
using SEM and TEM. Alloys S4, S6, and S7 should form very
few precipitates as shown in Figure 1. Ca has a strong tendency

to segregate to grain boundaries and dislocations, so that the
apparent Ca solubility may be higher than the true equilibrium
solubility, particularly if the grains are fine, or the dislocation den-
sity is high. It is possible that these alloys are close enough to the
solubility limit not to form precipitates within the time available
during annealing at 450 °C.

3.2. Mechanical Testing

Mechanical characterization of the alloys was carried out using
tensile (Figure 2) and compression (Figure 3) tests. For clarity,
only one representative tensile and compression test curve per
alloy is shown in Figure 2 and 3, respectively. However, at least

Figure 1. a) Calculated isothermal section of the Mg–Al–Ca system at
450 °C using Thermo–Calc and the data from Janz et al.[33] and b) the
Mg-rich corner of the 450 °C isothermal section showing the compositions
of the investigated alloys. S1–S9: selected alloy compositions for this study
(see details in Table 1, Figure 2 and 3).

Figure 2. Mechanical properties obtained from tensile tests of all investi-
gated compositions including pure Mg as reference material indicated
with [X] taken from ref. [3].

Figure 3. Mechanical properties obtained from compression tests of all
investigated compositions.
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three specimens per alloy have been tested in both tension and in
compression and all show similar results. Also included is the
stress–strain curve of pure Mg taken from a previous study,[3]

showing very low ductility.
All the samples examined in this study, including those alloys

that may contain precipitates, experience higher ductile deforma-
tion than pure Mg with tensile elongations not less than 10%.
However, when comparing the binary and the ternary alloys,
it is evident that the ternary alloys show significantly higher elon-
gations than the binary alloys. Composition S3 (Mg–1Al–0.1Ca)
showed the highest tensile elongations of more than 20%.
The ultimate tensile strength (UTS) ranges from 172MPa for
S8 (Mg–0.1Ca) to 203MPa for S6 (Mg–2Al–0.1Ca). As the
amount of Al increases, so does the UTS. The yield strength
of all alloys is approximately 87MPa. Uniform strain and true
fracture strain are close to each other for all alloys investigated.
The amount of necking observed is small, resulting in a
rapid loss of work hardening near the fracture point. No signifi-
cant differences in the stress–strain behavior were found
between RD and TD tensile specimens (evaluated as an example
for S3 [Mg–1Al–0.1Ca]) (see Figure 2). Similar mechanical prop-
erties have previously been reported for a Mg–1Al–0.1Ca alloy.[3]

In addition to tensile tests, compression tests were also carried
out, particularly to avoid early failure due to a relatively high level

of oxide inclusions resulting from the laboratory-scale synthesis
of the alloys. The results are shown in Figure 3.

All ternary samples show an ultimate compressive strength
(UCS) above 300MPa. S5 (Mg–2Al–0.005Ca) has the highest
UCS at nearly 400MPa reaches the highest UCS. The binary
compositions S8 (Mg–0.1Ca) and S9 (Mg–1Al) both have a
UCS of 287MPa, which is slightly lower than that of the ternary
alloys. Furthermore, the compressive strain ranges between 15%
and 28%. Binary S9 (Mg–1Al) has the lowest compressive strain.
The yield strength is �42MPa for S1–S8 and 22MPa for S9. All
the compression test curves have the characteristic hump leading
to an s-shaped curve, which has been reported previously in the
literature.[42,43]

3.3. Microstructure Analysis

To study only compositional effects, synthesis and processing
parameters (casting conditions, rolling degree, recrystallization
temperatures, and times) were kept identical for all samples.
The microstructure of all samples shows no porosity and a small
(<0.5% by volume), homogeneously distributed number of oxide
inclusions (see Figure 4).

The grain sizes calculated from EBSD for the samples S2–S8
are 40 μm� 5 μm and are therefore also comparable with a

Figure 4. Representative electron backscatter diffraction (EBSD) map (left) and secondary electron (SE) image (right) of the normal direction–transverse
direction–plane for each alloy with the corresponding inverse pole figure (IPF) color legend. The scale is identical for alloys S1–S8, but different for alloy S9
due to larger the grain size.
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previous study on Mg–Al–Ca.[3] Exceptions are on the one side
composition S1 (Mg–1Al–0.5Ca) with the highest Ca content,
which shows reduced grain sizes of about 17 μm� 14 μm, and
on the other side S9 (Mg–1Al) without Ca, which shows
significantly coarser grain sizes of about 381� 222 μm. Taking
this into account, we have increased the areas examined for
the S9 (Mg–1Al) composition to maintain comparability in terms
of the number of grains further characterized.

While alloys S2–S9 are at or very close to the solubility
limit, alloy S1 contains a higher amount of Ca (0.5 wt%) and
is likely to form Laves phase precipitates. Therefore, SEM,

energy-dispersive X-ray spectroscopy (EDS) and TEM were used
to investigate the presence and nature of precipitates in S1
(Mg–1Al–0.5Ca). A TEM lamella was taken from the area marked
by the rectangle in Figure 5a and subjected to EDS analysis
(Figure 5b) and TEM diffraction (Figure 5c). Both methods show
the presence of fine C36 Laves phase precipitates.

3.4. As-Recrystallized Textures

During rolling and subsequent recrystallization, Mg and most
Mg alloys develop a basal texture[44,45] which affects the

Figure 5. a) SE image of the S1 composition taken at 10 kV and 4.0mmworking distance (WD).Marked area for transmission electronmicroscopy (TEM) lamella
extraction, b) scanning transmission electron microscope image taken at 30 kV and 6.0mmWD, including energy-dispersive X-ray spectroscopy point measure-
ments of different precipitates, and c) TEM image with diffraction patterns of selected precipitates (A–F) and zone axis showing the presence of the C36 phase.
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subsequent forming processes. To investigate the relationship
between texture-activated deformation mechanisms and the
mechanical properties, texture measurements were carried
out. Figure 6 shows the (0002) and {1010} pole figures of the
hot-rolled and recrystallized samples.

The basal texture intensities of alloys S1–S8 range from four
multiples of a random distribution (m.r.d) for alloy S3 to
7.3m.r.d for alloy S6 (Mg–2Al–0.1Ca). In contrast, alloy S9
(Mg–1Al) shows a significantly higher basal peak intensity

of 13m.r.d. In addition, a tendency toward a TD splitting is
observed.

3.5. Slip Line Analysis

The activation of the deformation mechanisms in alloys S1–S9
was analyzed using slip line analysis. For this purpose, several
grains per alloy were examined and per grain 3–10 slip lines were
analyzed. Table 2 shows the number of grains.

Figure 6. (0002) and {1010} pole figures of compositions S1–S9.
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As not all images can be shown here, we have selected a few
representative images that show the observed trends of activated
slip systems (Figure 7).

By correlating surface steps formed during dislocation slip on the
surface with potential slip plane traces observed using EBSD, the
different activated slip planes were identified (Figure 7a)). It should
be noted here that <a> dislocations can glide on basal, prismatic
and first-order pyramidal planes, while <cþ a> dislocations can
glide on first- and second-order pyramidal planes. Consequently,
we interpret slip events on basal and prismatic planes to stem from
<a> dislocations and slip events on second-order pyramidal planes
to arise due to <cþ a> dislocations (Figure 7b). For slip events on
first-order pyramidal planes,<a> and<cþ a> dislocations cannot
be distinguished based on the slip plane alone. Cross-slip events
between the first- and second-order planes (compare Figure 7c)
can only be formed by <cþ a> dislocations.

To compare the activation of different slip planes in the alloys
and to draw more general conclusions from this analysis, the rel-
ative proportion of grains showing slip on a particular slip plane
is used. An overview of this analysis is given in Figure 8.

For all alloys, basal slip is the predominant active slip system
that was observed in over 90% of the grains. In addition, all alloys
exhibit<cþ a> second-order pyramidal slip. The binary alloy S8
(Mg–0.1Ca) has the lowest activation frequency of second-order
pyramidal slip, being observed in only 15% of the grains, while
the other binary alloy S9 (Mg–1Al) has the highest amount of
second-order pyramidal slip, being observed in 50% of the
grains. The ternary alloys fall between these values. First-order
pyramidal slip is also present in all compositions. Activation
frequencies range from 18.9% to 70.2% of the grains. As men-
tioned earlier, both, <a> and <cþ a> Burgers vectors, are able
to slip on first-order pyramidal planes. Prismatic slip is only
observed in a few grains and only in five compositions (S2
[Mg–1Al–0.005Ca], S3 [Mg–1Al–0.1Ca], S6 [Mg–2Al–0.1Ca],
S8 [Mg–0.1Ca], and S9 [Mg–1Al]). Interestingly, all three alloys
containing 0.1 wt% Ca show prismatic slip. It should also be
noted that a high number of tensile twins were observed for
all alloys but were not further analyzed in this study, as no

Figure 7. Orange box: a) example area of the correlative SE-EBSD slip line analysis of composition S8. SE image (left) and corresponding EBSD image
(right) of the deformed sample. Red box: example slip lines. b) Composition S5: SE image with a second-order pyramidal slip line (left) and corresponding
EBSD image with possible second-order pyramidal slip lines for the measured grain orientation (right) of the deformed sample and c) composition S1:
SE image with a cross slip event between first- and second-order pyramidal slip line (center) and corresponding EBSD image with possible second-order
pyramidal slip traces (left) and first-order pyramidal slip trace (right) for the measured grain orientation of the deformed sample. The sample orientation
of all images and the IPF color map for EBSD images are identical for all images as indicated in (a) and (b), respectively. The total plastic deformation is
�3%.

Table 2. Number of grains as statistical basis for the slip trace analysis.

Alloy S1 S2 S3 S4 S5 S6 S7 S8 S9

Number of grains 68 58 41 37 51 36 54 60 57
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differences in the activation of tensile twinning were observed for
the different alloys.

Figure 9 shows some representative images showing the cor-
relation between the Schmid factors and the activation of slip sys-
tems. From this analysis, it is evident that the Schmid factor for

basal slip is high in most grains due to the basal-type textures.
Furthermore, as can be seen in Figure 9b (3), the Schmid factor
for prismatic slip is low in most grains, presumably due to the
basal-type textures. Most of the grains also have Schmid factors
of ≥0.4 for first-order <cþ a> and second-order pyramidal slip

Figure 8. Statistical analysis of the activated slip system in each composition after a total plastic deformation of approximately 3%.

Figure 9. Sample S6: a) SE image with basal slip lines (left) and corresponding calculated mS values for basal slip (right). b) 1) Overview SE image and
2) corresponding calculated mS values for basal slip, 3) prismatic slip, 4) first-order <a> and 5) <cþ a>, and 6) second-order pyramidal slip.
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(compare Figure 9b (5) and (6)). In terms of Schmid factors
for first-order pyramidal slip, <cþ a> slip has higher Schmid
factors than <a> slip (Figure 9b (4)), which is due to the more
preferential geometric orientation of <cþ a> slip under com-
pression for basal-textured Mg.[46] In most grains, the slip system
with the highest Schmid factor was activated. An exception is
shown in Figure 9b), where the grain was deformed by prismatic
slip although the Schmid factor of prismatic slip was<0.4, which
is lower than the Schmid factor for basal and first-order <a>
pyramidal slip. It should be noted that all grains with non-basal
slip traces also have additional basal slip traces. If the Schmid
factor for any type of pyramidal plane is less than 0.4, no slip
traces belonging to that slip plane were observed.

4. Discussion

4.1. Grain Sizes

Alloys S2–S8 all show similar grain sizes of about 40 μm. In the
case of S1 (Mg–1Al–0.5Ca), the Laves phase precipitates at the
grain boundaries may have resulted in reduced grain growth dur-
ing recrystallization due to Zener pinning.[47] A similar effect in
binary Mg–Ca alloys was recently observed by Chaudry et al.[48]

Although the alloys S4 (Mg–1Al–0.2Ca), S6 (Mg–2Al–0.1Ca), and
S7 (Mg–2Al–0.2Ca) have a solubility slightly above the solubility
limit of Ca in a defect-free crystal, we did not observe any pre-
cipitates and expect no or only very few precipitates, which appar-
ently do not affect the recrystallization and grain growth of the
alloys. In contrast, alloy S9 (Mg–1Al), although being processed
in the same way, showsmuch larger grains, probably due to rapid
grain growth. We suggest that this is due to the absence of Ca, as
it has been reported that Ca in Mg segregates to grain bound-
aries, improving grain-boundary strength and reducing their
mobility.[49,50]

4.2. Mechanical Testing

As has been shown previously,[31–33] Mg–Al–Ca alloys do indeed
exhibit increased intrinsic ductility relative to pure Mg and ten-
sile elongations more than 20%. Although the alloys studied have
only small variations in composition, clear differences in the
deformation behavior were observed. A very small amount of
Ca (0.005 wt%) already increases the ductility by ≥5% compared
to the binary Mg–1Al sample without Ca.

In the group of alloys containing 1 wt% Al, the highest ductil-
ity under tensile loading conditions of 20.5% was obtained for
the alloy containing 0.1 wt% Ca and in the group of alloys con-
taining 2 wt% Al, the highest ductility of 17% was observed for
the alloy containing 0.2 wt% Ca. This indicates that the observed
ductility of ternary Mg–Al–Ca alloys may not only be an effect of
the joint addition of these alloying elements, but may also be
influenced by the Ca:Al ratio. Looking at the alloys investigated
in the present study, the best properties are found at a Ca:Al ratio
of 1:10. Previously, Sanyal et al.,[51] Li et al.,[52] and Elamami
et al.[53] investigated the effects of the Ca:Al ratio of
Mg–Al–Ca–Mn alloys on the solubility limits, textures, and pre-
ferred precipitate compositions and indeed showed an effect of
the Ca:Al ratio on the microstructure and mechanical properties.

A similar effect was also observed by Zhang et al.[54] for ternary
Mg–Al–Ca. More recently, metastable, ordered defect phases[55]

have been found in Mg alloyed with Al and Ca,[56,57] and their
occurrence and competition may be related to the Ca:Al ratio.
The detailed characterization of these atomically ordered defects,
including the deformation mechanisms and mechanical proper-
ties they give rise to, necessarily involves a large number of
experiments at atomic resolution and is the subject of ongoing
research.

Although the binary Mg–Ca alloy S8 (Mg–0.1Ca) has a lower
ductility than the ternary alloys, the tensile and compression test
results indicate that the alloying of Mg with Ca already increases
the ductility when compared to pure Mg. Similar results have
been reported previously by refs. [29,30]. Similarly, the binary
Mg–Al alloy shows lower room-temperature ductility than the
ternary alloys and the binary Mg–Ca alloy, but increased ductility
compared to pure Mg. It is important to note that the compres-
sion test results consistently show higher compressive fracture
strains for the binary Mg–Ca alloy than for the binary Mg–Al
alloy. This may be since the compression test is less sensitive
to oxide inclusions that may be present in the samples as they
are produced on a laboratory scale. The increased ductility of
the binary Mg–Al alloy over pure Mg is thought to be due to
the lower basal texture intensity in Mg–Al than in pure Mg.

The addition of either Al (S9) or Ca (S8) results in an increase
in UTS compared to pure Mg, but the ternary alloys exhibit even
higher UTS values than the binary alloys. Al has been proposed
to have a high-solid-solution-strengthening effect in Mg,[58,59]

which agrees with our observation that increasing the Al content
increases the UTS. The UTS values of alloys containing 1 and
2 wt% Al measured in the present study are comparable to those
reported by Caceres et al.[58] Chino et al.[60] investigated the
effects of Al and Ca on the mechanical properties of Mg and sug-
gested that Ca has a solid-solution-softening effect in contrast to
Al. Chino et al.[60] proposed that Ca causes an increased forma-
tion of double kinks for basal and prismatic slip and therefore
does not act as an obstacle to dislocation movement, whereas
Al acts as an obstacle for dislocation movement. The stress–
strain curve of alloy S3 is in good agreement with another
Mg–1Al–0.1Ca composition reported previously.[3] They[3] found
that in a Mg–1Al–0.3Ca sample above the solubility limit of Ca,
large and brittle C14 Mg2Ca precipitates at the grain boundaries
lead to premature failure. Interestingly, the limitation of the
ductility effect observed in this study does not apply to alloy
S1 (Mg–1Al–0.5Ca). It is suggested, that the smaller ternary
C36 precipitates observed in this study do not affect the mechan-
ical properties as much as the large C14 precipitates. The SEM
and TEM results show that these precipitates have a small
platelet-shaped morphology and do not form a closed skeleton
at the grain boundaries. We therefore suggest that they are less
likely to initiate early cracking, as observed in the case of an inter-
connected C14 skeleton in a cast Mg–Al–Ca alloy.[61] The influ-
ence of the morphology of the Laves phases on the deformation
behavior has also been observed by Liu et al.[62] for the interaction
of deformation twinning and precipitates with different
morphologies. According to the thermodynamic calculation,
the observation of C36 instead of C14 is not unexpected. The
observed C36 precipitates show a higher deviation from the ideal
stoichiometry, including near (Mg,Al)2Ca and near Al2(Mg,Ca)
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compositions, than expected from the literature. Near
(Mg,Al)2Ca compositions have been measured previously by
Zubair et al.,[61,63] while Al2(Mg,Ca) compositions have been
reported by Zhong et al.[64] We suggest that this may be due to
limited diffusion resulting in a large variation in precipitation for
compositions that have not (yet) reached thermodynamic equilib-
rium. The actual composition and the Laves phase precipitated in
Mg–Al–Ca alloys therefore depend sensitively on the processing
conditions (time-temperature history).[63]

Comparing the tensile tests with the compression tests, both
the UCSs and compressive strains are higher than the UTSs and
the tensile elongations. In contrast, the yield strengths are lower
in the compression test than in tensile test. A similar tension–
compression asymmetry has been observed previously and has
been related with an increased activity of extension twinning
due to the more favorable orientation in the compression
test.[42,65–68] The asymmetry has been suggested to be 0.4–0.6,
which is in good agreement with our results showing an asym-
metry of about 0.5.[69] Smaller strains to failure in tension tests
than in compression tests have previously been observed by other
researchers.[42,66] As the difference in the strains to failure
between tensile tests and compression tests for the present study
is higher than expected, we assume that the higher strains
achieved in compression tests are caused by oxide inclusions that
cause earlier failure in tensile tests. Therefore, we assume that
the tensile elongation in particular could be even higher if oxide
inclusions were reduced.

Notwithstanding the higher stresses and strains observed in
compression tests, the trends in alloy specific stress–strain
behavior, i.e., ultimate strength, work hardening, and strain to
failure, were comparable in the tension and compression tests.
Minor deviations from this observation are mainly due to the
scatter coming from the aforementioned oxide inclusions,
because of the small laboratory scale of this study.

By separating the compressive stress–strain curves into two
stages, three types of stress–strain behavior can be extracted
as shown in Figure 10.

All alloys show a similar behavior in regime 1: a high strain
hardening which occurs probably due to deformation twinning
during compression.[60,64,65] In regime 2, the different alloy types
show different behavior. Alloy S1 (Mg–1Al–0.5Ca) shows almost
no regime 2 hardening and fails shortly after reaching the regime
2 strain hardening. The ternary alloys show steady-state strain
hardening in regime 2. Similar steady-state strain hardening dur-
ing compression has recently been reported in low alloy Mg–Gd
alloys and the authors have proposed that this is due to the bal-
ance between strain localization and self-hardening of shear
bands.[70] In addition, we assume that this is due to the interac-
tion of different slip systems causing forest hardening and also
the interaction of dislocations with twins. Deformation twinning
is assumed to be less active in regime 2 strain hardening since
deformation twinning in the grains, which are preferentially ori-
ented for deformation twinning, has already twinned during
regime 1 strain hardening. Finally, strain softening was observed
for the binary solid solution alloys. Strain softening is usually
reported for dynamic recrystallization processes at elevated
temperatures[71,72] and has also been associated with the forma-
tion of double twins resulting in grains oriented more favorable
for basal slip.[73,74] Indeed, we observed double twins in the

ternary alloys at higher strains using EBSD, while no evidence
of dynamic recrystallization was found. We therefore propose
that the formation of double twins in the present study caused
the observed strain softening.

4.3. Mechanisms to Improve Ductility

4.3.1. Effect of Slip System Activation

One of the possible reasons for the observed increased room-
temperature ductility is the activation of not only the basal but
also the non-basal slip systems. Here, the activation of <cþ a>
slip is the critical mechanism to satisfy the von Mises criterion
and to allow the accommodation of strain along the crystal c-axis.
It has been suggested that lean alloying of Al and Ca leads to
enhanced activation of non-basal <cþ a> slip.[3,27,50] In general,
basal slip is the dominant slip system due to the very low CRSS
compared to other slip systems,[6,75] but the additional activation
of <cþ a> slip can lead to increased ductility.[3,27,50] As basal
dislocations produce higher surface steps and occur as parallel
lines, they are easy to detect. In contrast, non-basal slip systems
are less straight and form lower surface steps, making their iden-
tification is more difficult.[25] Although we carefully examined the
slip traces, the detection was performed manually, and errors
may occur in the correlation between the observed slip lines
and the measured EBSD maps occur. Due to the distortion of
the EBSDmap, misalignments are possible. In case of ambiguity
regarding the matching slip system, the affected slip lines were
taken into account.

The slip line analysis carried out in this study showed that
non-basal <cþ a> second-order pyramidal slip was indeed acti-
vated in all the compositions investigated. It should be noted that
only 0.005 wt% Ca alloyed with Al is sufficient for activation.
Furthermore, slip on the first-order pyramidal plane is also active

Figure 10. Different compressive behavior of the alloys studied repre-
sented by regime 1 and regime 2 strain hardening, exemplary for the dif-
ferent alloy types (ternary solid solution (S2–S7), ternary solid
solutionþ precipitates (S1), binary solid solutions (S8þ S9)), one repre-
sentative curve per group is shown.
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in all alloys. For most alloys, it is the predominant non-basal slip
system, which has been also seen for pure Mg by Xie et al.[76] in c-
axis-compressed single crystals. As both, <a> and <cþ a>
Burgers vectors can slip on the first-order pyramidal plane, we
cannot conclude which of these slip systems (<a> or <cþ a>
first-order pyramidal slip) is activated without further analysis
using micropillar compression and/or TEM analysis. Cross slip
between the first-order pyramidal plane and the second-order
pyramidal plane was observed in one grain (see Figure 7c), which
has previously been discussed as a possible mechanism for
<cþ a> slip.[77–79] Slip on prismatic planes has only been
observed in a few compositions. Zhu et al.[80] and Chaudry
et al.[81] reported that the increased ductility of Mg–Ca alloys
could be based on the activation of prismatic slip, but in the pres-
ent study, in addition to basal slip, slip on the pyramidal planes
was mainly observed. It should also be noted that Zhu et al.[80]

worked with extruded alloys, which due to the different texture,
may indeed contain grains with a preferential orientation for
prismatic slip. In the present study, we have investigated rolled
Mg samples, which result in a basal-type texture with grain ori-
entations that make prismatic slip difficult.

One mechanism proposed by Jang et al.[27] and Kim et al.[82] is
to reduce of the CRSS anisotropy by changing the dislocation
binding energy. It has been shown[27] that the ductility can be
improved by adjusting the amount of Zn and Ca in Mg–Zn–
Ca alloys. It has been pointed out[82] that especially the atomic
size mismatch to Mg is a critical parameter for the dislocation
binding energy. Considering that the atomic size of Zn is com-
parable to that of Al,[83] this model may also be applicable to the
Mg–Al–Ca alloys studied in this work. Indeed, an increased activ-
ity of non-basal <a> and also <cþ a> slips is observed in this
study and the reduction of their CRSS and/or an increased CRSS
for basal slips is a promising explanation. The interpretation of
the activation of slip systems requires consideration of the
resolved shear stresses on the different slip systems in a crystal.
As we do not have information on the actual 3D microstructure
and therefore the local stress states, we have used the Schmid
factors (mS) as a simple approximation. It should be noted that
the Schmid factors give only an approximation of the actual
resolved shear stresses, as the shear induced by the neighboring
grains is not included (see Figure 9). However, here we consider
slip traces across many grains and will only give a relative inter-
pretation of the slip activity on the different slip systems with
different alloy contents. The increased activity of <cþ a> pyra-
midal slip in particular indicates that the CRSS is most likely

lower than that for pure Mg, but still significantly higher than
that for basal slip. Therefore, the activation of pyramidal slip
is only observed in grains with a Schmid factor mS greater than
0.4. This result is in good agreement with calculations made by
Nandy et al.[50] on similar Mg–Al–Ca alloys, showing in particular
a reduction in the CRSS of non-basal slip systems; a similar effect
may apply to the alloys investigated in this study.

4.3.2. Effect of Texture Weakening

Weakening of the basal-type texture is a second important mech-
anism for the ductility of Mg and Mg alloys. Rolled Mg and Mg
alloys typically develop a sharp basal-type texture which limits
further deformation due to the unfavorable orientation for
further deformation.[44,45,84] In weaker textures, both, basal slip
and non-basal slip, can be more easily activated because the
Schmid factors mS are higher in off-basal orientations.
Consequently, more grains can contribute to plastic deformation.

All the Ca-containing alloys investigated here show signifi-
cantly weaker basal-type textures than pure Mg,[75,85] suggesting
that i) the higher activation of non-basal slip systems results in
weaker basal textures and that ii) the weaker textures may also
have contributed to the increased room ductility of the alloys.
Furthermore, the texture intensities show a dependence on
the amount of Ca in the sample and the solubility of Ca in
the alloy. Figure 11 shows the observed influence of the Ca
content and Ca solubility on the basal peak intensities.

Chapuis et al.[86] analyzed the different crystal axis rotations
during deformation depending on the active slip system and
the resulting lattice rotation as the sum of the rotations of all con-
tributing slip systems, resulting in a weaker basal-type texture
when non-basal slip systems are activated. A weakening of the
basal texture by the addition of Ca has been reported in several
studies, suggesting that the increased activation of non-basal slip
may have weakened the development of a basal texture during
rolling.[29,87–90] Another reason for the weakening of the basal-
type texture could be a change in the recrystallization and grain
growth kinetics induced by the presence of Ca atoms as proposed
by Jo et al.[41] Similarly, Zeng et al.[49] suggested that the segre-
gation of Ca at grain boundaries could influence the recrystalli-
zation behavior. The texture intensities measured in this work
are in good agreement with what was suggested by Jo et al.[41]

We therefore suggest that a change in recrystallization and grain
growth kinetics due to the presence of Ca atoms at the grain

Figure 11. Intensities of the (0002)-peak in dependence of the Ca content and its solubility.
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boundaries and the activation of non-basal slip systems causes
the observed weakening of the basal texture component. This
weaker basal texture then allows easier activation of both basal
and non-basal dislocation slip, contributing to the observed good
room-temperature ductility. It should also be noted that even
0.005 wt% Ca results in a decrease of the basal peak intensity
from 13 (S9 [Mg–1Al]) to 6.1 (S2 [Mg–1Al–0.005Ca]) m.r.d.,
indicating that even very small amounts of Ca can affect the
recrystallization and also the deformation behavior. A more com-
prehensive analysis of the texture-related features of this alloy
system is presented in ref. [91].

5. Conclusions

In this study, we investigated the mechanical properties and acti-
vation of slip systems in nine Mg alloys: one binary Mg–Ca alloy,
one binary Mg–Al alloy, one ternary Mg–Al–Ca alloy containing
C36 precipitates, and six ternary solid solution Mg–Al–Ca alloys.
It was shown that both, the activation of non-basal deformation
systems and the weakened basal-type textures, lead to increased
room-temperature ductility. Interestingly, only the co-addition of
Ca and Al causes the observed high increase in ductility, even
when the amount of Ca is very low. Although the binary alloys
also show some increase in ductility, the ternary alloys show a
much greater increase in ductility. The following conclusions
can be drawn from the present study: 1) the co-addition of
0.005–0.5 wt% Ca and 1–2 wt% Al to Mg results in a greater
increase in room-temperature ductility (10%–17%) than the addi-
tion of either Ca or Al alone (6% each). 2) The addition of Ca
leads to a weakening of the basal-type texture intensity by
≥6.7 m.r.d. compared to Mg–1Al. This is thought to be due to
a change in recrystallization and grain growth kinetics through
the presence of Ca atoms at the grain boundaries and the activa-
tion of non-basal slip systems. Interestingly, this effect is
observed even at very low levels of Ca (0.005 wt%). 3) In addition
to basal slip as the dominant slip system, non-basal slip systems
including <cþ a> slip were observed in 15%–33% of the grains
examined for all compositions. 4) Slip on first-order and second-
order pyramidal planes was observed in all compositions, while
prismatic slip was preferred in compositions containing 0.1 wt%
Ca. 5) Slip on pyramidal planes was only observed when the
Schmid factor was greater than 0.4, indicating that the difference
between the CRSS for basal slip and that for slip on pyramidal
planes is still large. 6) In addition to the activation of non-basal
slip systems, the weakened basal-type textures contribute to the
observed ductility of the Mg–Al–Ca alloys.
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