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Mg-Al-Ca alloys, composed of a soft Mg matrix and hard and brittle Laves phases, are suitable for applications
at elevated temperatures. Unfortunately, the reinforcing skeleton is brittle and leads to premature failure
due to cracking and decohesion from the matrix. In the present study, we achieve a largely self-similar
reduction in microstructural length scale by increasing the cooling rate of an as-cast Mg-4.7Al-2.9Ca alloy.
We observe this refinement mostly in terms of intermetallic strut spacing and width reduction, while the
present intermetallic phase is determined to be C36. Upon refinement, the microstructures exhibit increasing
compressive ultimate stress and yield stress from 96+4 MPa and 223+4 MPa at the coarsest microstructure to
11742 MPa and 24442 MPa at the finest microstructure. In addition, microstructure refinement leads to a change
in governing damage mechanisms, which we quantified by means of both automated and manual analysis of
large area scanning electron micrographs. Brittle cracking of the intermetallic skeleton dominates by a factor of
10 over the occurrence of decohesion at the Mg/intermetallic interface and both are reduced with decreasing
microstructural length scale. This is accompanied by an increase of plastic slip transmission in the Laves phase
from 50 to 250 slip events per 0.2mm?, which goes alongside a reduction of the brittle phase from 290 to 33
per 0.2mm?. We therefore propose that refinement of the microstructure may be used as an additional design
parameter to manipulate the deformability of skeleton-reinforced Mg-Al-Ca alloys.
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1. Introduction phase [3,18]. The latter two are considered as the main reason for
the aforementioned increased creep resistance [4,9]. These features

The interest in Mg alloys as a lightweight structural material has can be designed based on chemical composition but with this design

increased in the last three decades [1]. Both, Mg alloys for high
formability sheet metals and Mg alloy for use at elevated temperatures
have been largely designed by the addition of expensive and environ-
mentally harmful produced rare-earth elements (REs) to Mg alloys [2].
To overcome the usage of these REs, Mg alloys based on other elements,
such as Zn, Al, and Ca have been developed showing great creep
resistance [3-10] due to the presence of secondary intermetallic phases.

Various compositions in the Mg-Al-Ca system have been synthe-
sised and analysed focusing on mechanical testing at the time-scale
of creep [3,11,12] or size-scale of nano- and micrometres [13-15].
Only few focus on tensile or compressive testing at intermediate strain
rates at elevated temperatures [5,16-18]. All of these studies have
synthesised Mg-Al-Ca alloys showing a dual phase microstructure of
primary Mg matrix and secondary intermetallic Laves phases of either
cubic C15 or hexagonal C14 and C36 type. These studies have shown,
that the microstructural features which govern the behaviour upon
loading are phase fraction, interconnectivity and type of the Laves
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strategy, higher strength is mostly accompanied by a lower elongation
to fracture [18]. Therefore, it is desirable to synthesise Mg-Al-Ca al-
loys with microstructural features that lead to higher elongations to
failure while maintaining high strengths simultaneously. This can be
achieved by influencing the co-deformation behaviour between the two
constituent phases during external loading. It has been shown that
this co-deformation can occur by cracking of the Laves phase, shear
of the Laves phase by dislocations, or decohesion of the matrix from
the Laves phase [18,19]. Medghalchi and Zubair et al. [18,20] have
performed a statistical study of the damage mechanisms in a bulk cast
Mg-Al-Ca alloy and showed that the dominant mechanism changes
with a slower strain rate leading to reduced cracking of the Laves
phase. Building on this possibility to shift the balance between damage
mechanisms, with the aim of designing stronger and more ductile alloys
for elevated temperatures, it is desirable to achieve co-deformation that
prevents fracture of the brittle phase or opening of voids at the in-
terfaces and instead shifts co-deformation towards slip transmission to
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Fig. 1. Experimental setup: (a) Samples cast in Ar atmosphere in a copper mould, (b) Metallographic preparation, (c) Tensile testing at 170°C and a strain rate of 5x 107*s~!,
(d) Compressive testing at 170°C and a strain rate of 5x 107*s7!, (e) Analysis of damage and slip in tensile tested samples (SEM), (f) Slip transmission mechanism at a dedicated

site (TEM), (g) Evaluation of mechanical properties.

accommodate strain at high local stresses but avoid damage formation.
A promising design route for achieving this is changing the microstruc-
ture [4,19-21]. Easier slip transmission can be achieved by optimising
the orientation relationship between Mg and the Laves phase [7,22,23].
To achieve bulk structuring of the underlying preferred interfaces,
their thermodynamic stability, the kinetics of their formation, and how
this may be affected by alloying and solidification conditions must be
known. However, while individual metal-intermetallic interfaces have
been studied [5,24], the design and process parameters required to
control different orientation relationships in Mg-Al-Ca alloys remain
unknown. Here, we will therefore focus on first altering the size of
the microstructural features by changing the cooling rate [3,15,25,26]
based on variation of mould thickness. Other approaches of modifica-
tion and refinement of the dual phase Mg-Laves phase microstructure
also include more complex, cooling-rate based approaches such as melt-
spinning [27] or squeeze-casting [6]. Further, mechanical processing,
such as extrusion [28-31] and friction stir processing [32], or certain
alloy additions such as Sr [33] and variation in Ca content [9,17,33] are
used. However, all of these methods either result in a non self-similar
microstructure or may change the activation of slip systems [34,35].

This study As has been pointed out above, the higher creep strength of
Mg-Al-Ca compared to e.g. Mg-Al-Zn alloys has been mainly attributed
to the formation of an interconnected skeleton. While it has been
shown that an increase of interconnectivity is possible by means of
alloying [3,18] or increase of cooling rate [3], the change of governing
co-deformation mechanisms upon such a change has not been inves-
tigated. There exist only a few studies about the influence of cooling
rate on the microstructural and mechanical properties of the Mg-Al-Ca
alloys and to the authors’ best knowledge, no study has yet tried to
couple them with the analysis of co-deformation mechanisms. There-
fore, this study aims to show the influence of strut width and distance,
as well as interconnectivity and phase fraction of the Laves phase
skeleton produced by varying cooling rates on the co-deformation
between Mg matrix and Laves phase. This will lead to deriving design
criteria for wall thicknesses of as-cast Mg-Al-Ca alloys. To achieve this,
we will investigate the mechanical properties of the differently scaled
microstructures using compression and tensile testing and correlate
them to the co-deformation behaviour between the Mg matrix and the
Laves phase. We will thereby statistically analyse the damage occurring
inside the Laves phase network and the slip transferred from Mg matrix
to the Laves phase in dedicated samples based on large-scale panoramic
SEM images.

2. Experimental methods

The material used in this study was prepared from the raw materials
Mg 99.9%, Al 99.7% and Ca 99.5% (purity), which were weighed to a
composition of 4.7 wt —% Al and 2.93 wt —% Ca and subsequently heated
in a steel crucible in an induction furnace under vacuum. Once the
material melted, the atmosphere was regulated to 100 mbar Ar and the
melt was poured into a stepped copper mould (confine Fig. 1) and
cooled to room temperature.

From this, 8 samples have been prepared for tension and compres-
sion testing from each step between 3 mm and 15 mm, respectively (see
again Fig. 1(a)). Additionally, one sample per step was used for analysis
of damage in tension geometry and one sample in the 15mm and 3 mm
step for analysis of slip events. Four further samples from the 15mm
and 3 mm steps were used for a porosity analysis in an XRM device.

Both, tensile and compressive specimens were cut using wire-
electrical discharge machining (EDM) at positions left and right of the
central part, to exclude the influence of possible turbulences caused by
the pouring stream. The resulting tensile specimens had a dog bone
shape with a gauge length of 5mm. The compression samples were
cylindrical, measuring 4.5 mm in height and 3 mm in diameter.

Tensile specimens for metallographic analysis were ground using
grit 2000 and grit 4000 SiC paper (Struers, ethanol as lubricant) and
polished using polycrystalline diamond suspensions with grain sizes
of 3pum and 1pm supplying ethanol and polyethylene glycol 400 as
lubricant. The samples for damage analysis have been electro-polished
using the Struers electrolyte AC-2 at 15V and —20 °C for 90s to remove
remaining deformation layers followed by 1min of oxidal polishing
suspension (OPS) (Struers) polishing to remove remaining topography
of the sample. To remove OPS particles, the sample was cleaned using
water for 2 s followed by isopropyl alcohol cleaning for 1 min.

Mechanical testing in this study has been performed by tensile and
compressive testing (schematics in Fig. 1(a) and (b)).

The samples in this study are tested on a DZM tensile device using
a 12.5kN load cell and were heated to a temperature of 170 °C.

For testing of mechanical properties, the samples were strained until
fracture with a strain rate of 5x 10~* while for the damage analysis, the
samples were only strained to 5 % engineering strain.

For compressive testing, a Zwick 1484 was equipped with a 200kN
load cell. The experiment was also conducted at 170 °C with a loading
rate of 5 x 107 in analogy to the tensile tests. The experiment was
stopped, once the true stress dropped about 15 MPa below the maximum
true stress.

For metallographic analysis, a Zeiss LEO 1530 was used at a Voltage
of 10 kV for SE images. For EDS measurements, an FEI Helios 630 i



L. Berners et al.

Journal of Alloys and Compounds 1033 (2025) 180516

4 mm

Laves-phase Lamellar regions |:>

b) Laves phase fraction c) Strut size d) Connectivity
< 10 1 = Width 05
98 o _ 1.5 | | paen Distance | zofé -% 04
c —-
3 § 155 503 -
o 67 I = v o
o = g o
E 4 3 105 802
b3 = 5 9o
2 2 1 5 A O 0.1 A
o I

0- 0 0.0 -

15 5 4 3 15 5 4 3

Step size (mm)

Step size (mm)

Step size (mm)

Fig. 2. Microstructures and their features in dependence of step size. From left to right the step size decreases from 15mm to 3 mm, corresponding to an increase in cooling rate:
(a) SEM images of the microstructure (SE contrast). (b) Intermetallic phase (area) fraction (c) Size of the intermetallic struts and distance of the struts. The dotted bars show the
distance (right y-axis). (d) Connectivity of the microstructure represented by the ratio of holes over objects.

equipped with an Octane Super A EDS detector (EDAX Team for analy-
sis) was used at a voltage of 10kV, respectively. For the microstructure
and damage analysis, panoramic regions of at least 500 pm X 350 pm,
composed of individual images with a width of 50 pm and a resolution
of 3072 x 2048 px have been recorded automatised in the SEM and
stitched using image composite editor. Damage sites have been detected
by a YOLOv5 [36] neural network trained for damage detection on
a Mg-4.65A1-2.82Ca alloy, with the same weights as in [20]. As the
performance of the network is better suited for smaller images, the
large panoramics have been resampled into subsets of 4000 px x 4000 px
each. For the slip site analysis, the images had a width of 25pum and
the regions were at least 400 pm X 250 pm, slip sites were then manually
labelled on resampled images of 4000 px edge length using labellmg. It
was ensured, that the panoramic images utilised for damage detection
contained at least 20 large Mg grains of varying orientation, to rule out
orientation dependent influences on our analysis.

To analyse the width of struts and phase fraction on stitched
panoramic images, the same script as in [5] was used. This script
performs automatic multi-otsu [37] segmentation and line sectioning
of the microstructure based on ten horizontal and vertical lines. For
analysis of these parameters, the same images as for damage analysis
are used and the results are averaged for all images of each step. To
quantify the connectivity of the microstructure, we determine the ratio
of objects to holes in the analysed, stitched image. Here, we obtain
the number of holes and objects, using the label and euler-number
functions from the scikit-image library [37]. The holes and objects are
the Mg matrix and the Laves phase respectively. These operations are
performed on the stitched images used for damage analysis.

XRM analysis of dedicated tensile specimens was performed using
a ZEISS Xradia 620 Versa microscope. The experimental setup allowed
for the simultaneous imaging of four samples within the same field of
view (FOV). A full 360-degree rotation scan was conducted, capturing
a total of 1601 projections. The imaging was performed at an X-ray
energy of 80kV and a power of 10 W. A spatial resolution of 6 pm with
an exposure time of 4s per projection was used.

To obtain the amounts of oxides and pores, a median filter was
applied to the image stacks, to reduce noisy segmentation of the data.

Pores and oxide regions are segmented using manual thresholds of 8 %
and 92 % brightness, respectively. The thus obtained binary masks have
been convoluted with a binary structure kernel (see S.2 for details),
to filter remaining noise. The pore density is determined based on
the summed image of voxels in z direction, which makes it easy to
automatically determine the boundary of the tensile specimens using a
contour finding algorithm [37,38]. The maximum pore size per cross-
section is based on the column-wise sum in the side view image (see
again subsection S.2 for more details).

The region of interest in the sample was prepared by a dual beam
(focused ion beam (FIB)-SEM) with a field emission gun (FEI Helios
630i). A thin platinum layer was deposited on the sample surface before
FIB thinning to minimise the ion beam damage. A Ga™ ion beam with
a voltage of 30kV was initially utilised to mill the sample surface
and a wide trench around the area of interest, which was successively
removed with smaller beam currents starting from 21 nA down to 80 pA.
For the final cleaning step, a voltage of 5kV was employed. The lamella
was examined in a Jeol JEM F200 TEM at 200 kV. The device was
operated in both, conventional and HR mode to obtain the images in
this publication. SAED was used at different tilt angles for orientation
relationship analysis of the Laves phase and the Mg matrix.

3. Results
3.1. Microstructure of the alloys

3.1.1. Micrographs of the microstructure

Examples of typical microstructures, depending on the width of the
stepped mould are shown in Fig. 2. The microstructure comprises a Mg
matrix (dark) and a skeleton of Laves phases (bright). A correlation
between mould size, associated with an increase in cooling rate for
smaller steps, and the refinement of the struts can be observed in Fig. 2.
The 3 mm step leads to formation of fine lamellar regions (marked with
white arrows). In contrast, lamellar regions forming at larger steps,
e.g. 15mm are coarser and appear less frequently.

Analysis of phase fraction, size of the skeleton and connectivity
reveals, that an increase in cooling rate, leads to the following changes
in the microstructure:
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. The phase fraction of the intermetallic phase increases from
5.8+0.7 % to 8.8+1 % (Fig. 2(b)),

. The size of the struts decreases from 1.5+0.2 pm to 0.8+0.1 pm
and distance from 20+ 2 pm to 7.5+ 1pum (Fig. 2(c)), and

. The connectivity, as given by the ratio of holes (Mg cells) to
objects (Laves struts) increases from 0.2 to 0.5. (Fig. 2(d)).

3.1.2. EDS

The chemical composition of the different steps by EDS is shown in
Fig. 3. Mappings ((a)) are used to display the distribution of elements
in the different phases, while spot measurements ((b) and (c)) are used
for quantification. From the EDS mappings, depicting the composition
of Al (blue), Ca (green) and Mg (red) in the sample in at. — %. it is
visible, that the Ca and Al content in the Laves phase are similar. The
Mg content is around 50at. — % in the Laves phase and the matrix is
mainly composed of Mg. The results in Fig. 3(b) and (c) are based on
the mean value of multiple point measurements.

The concentration of elements in the matrix is between 0.6at. — %
and 0.9 at. — % for Al and 0.1 at. — %-0.2at. — % of Ca. The ratio of Al to
Ca is between 1.3 and 1.4.

3.2. Mechanical properties

3.2.1. Compression tests

Fig. 4 displays the results from compression testing of the four dif-
ferent microstructures. We observed, that there is a strong dependence
of maximum compression stress on the microstructural refinement
with a strong increase of the maximum stress towards smaller strut
widths and distances. The yield stress and maximum stress increase
from 96+4 MPa and 223+4 MPa at 15 mm to 117+2MPa and 244+2 MPa
at 3mm, respectively. The strain at maximum stress increases from
0.18+0.003 at 15 mm mould step size to 0.23+0.005 at 4 mm.

)

3.2.2. Tensile tests

The results from tensile tests with their main purpose of inducing
damage are shown in Fig. 5 revealing a large scatter in terms of ultimate
tensile stress (UTS) and yield stress (o,), indicated by the overlap-
ping error bars in the inset figures, depicting the standard deviation.
Disregarding the large scatter, there is a slight tendency of the 15 mm
and 5mm step samples to show higher UTS and uniform elongation
values than the microstructures from the 4 mm and 3 mm steps. The UTS
and uniform elongation (UE) decrease from 150+9 MPa and 16+5 % at
15mm to 135420 MPa and 9+7 % at 3 mm, respectively. The yield stress
is within 83+6 MPa and 90+5 MPa with no observable tendency.

3.2.3. XRM experiments in 3 mm and 15 mm steps

Fig. 6 shows the results of XRM analysis on dedicated tensile speci-
mens to assess porosity and its effect on achieved uniform elongation.
During the analysis of the XRM data, we observed in addition to the
pores (in black, Fig. 6(a)), bright features, which are presumably oxides
(Fig. 6(b)). Fig. 6(c) and (d) show, that an increase of pores leads to a
decrease of uniform elongation. Also, the yield stress and the ultimate
tensile stress are decreased, with increasing porosity and size of pores
(subsection S.3). The mechanical properties are mostly independent of
the oxide formation (Figure S.4-Figure S.6) but depend strongly on the
porosity. The analysis reveals an increased amount of pores in the more
rapidly cooled samples alongside decreased UE, UTS and yield stress in
tension.

3.3. Damage classification and deformation mechanisms

In order to evaluate whether the microstructural refinement in-
fluences damage formation, we investigate the amount and type of
damage occurring upon deformation of samples from the different
step sizes. To this end, we apply the YOLOv5 network as trained by
Medghalchi et al. [20] to detect and classify damage sites.
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Compression testing of step cast samples at 170 °C
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In Fig. 7 typical damage sites are shown with their classification
according to the neural network into the two damage mechanisms
decohesion of the Mg matrix from the Laves phase and cracking of
the Laves phase. For all microstructures, apart from the 3 mm step, the
number of decohesion sites was about an order of magnitude lower
than the number of cracks. In the 3mm sample, a large number of
decohesion sites was observed. A comparison of these sites, labelled
as decohesion on a sample before and after deformation, revealed
that these sites are indeed pores resulting from sample preparation,
that open up slightly during straining of the sample. Fig. 8 shows the
results from the automated damage site classification. The results are
normalised with respect to the measured area (about 0.2 mm? for each
panoramic image) and show, that there is a decrease in the number of
damage sites from 292/0.2 mm? Laves cracks in 15 mm to 33/0.2 mm?
in 3mm with increasing cooling rate. For the 15mm to 4mm steps,
where we could quantify both Laves cracks and decohesion sites, we
also note that their ratio does not change much.

3.4. Slip transmission from Mg to the laves phase

In addition to the automated analysis of damage sites by the con-
volutional neural network, we identified slip events in the Laves phase
manually. For labelling, a slip line is defined as a line-shaped feature
in the Laves phase which has a topographic contrast in the SEM and
extends across the full width of the Laves phase precipitate (Fig. 9(e),
cases I to III). This definition may include cracks, that have not opened
yet, but as it is impossible to distinguish them from actual slip lines,
they are included in the labelling (mostly case I). Steps at the interface
of Mg and Laves phase are not labelled, as they most likely stem from
surface steps on the Laves phase formed during solidification (Fig. 9,(e),
case IV).

The labelling of the slip transmission sites had different caveats in
both the 15mm and the 3 mm microstructures. In the microstructures
from the 15mm step, more single-type slip events (case I) were ob-
served, where it could not be ruled out that they are actually cracks
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Tensile testing of step cast samples at 170 °C
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Fig. 7. Examples of damage sites (SEM images, SE contrast). The box around the images reflects the size of the machine learning label bounding box. Note that decohesion sites
in the finest microstructure were partly introduced by surface preparation rather than deformation.
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Fig. 10. Conventional and HRTEM analysis: (a) Overview of the lamella showing the Laves phase highlighted in blue and the surrounding Mg matrix, (b) Laves phase precipitates
P1 and P2 inside the TEM lamella, (c) precipitates lying on the basal plane of Mg matrix, (d) P1 and Mg, and (e) P2 and Mg. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

in the Laves phase. In the 3 mm microstructure, the precipitated Laves
phase is not as smooth and appears to already contain many surface
steps, which are not deformation-induced and therefore makes it more
difficult to identify actual topographic contrast in the Laves phase in
this microstructure. Additionally, the struts in the finer microstructures
are more difficult to maintain in accurate focus during automatic
panorama acquisition across a large area that may vary in local height
as a result of deformation. However, in the supplementary material
(Figure S.8), we show that slip traces can still be identified by the
intensity contrast they induce, even if the image is out of focus.

The results of this manual analysis are shown in Fig. 9. The number
of slip traces found in the 3 mm microstructure (258/0.2 mm?) is
much higher than for the microstructure with 15mm mould step size
(64/0.2 mm?).

3.4.1. TEM results

We used TEM to further investigate the co-deformation by slip
across the two phases. The results obtained from a TEM lamella of a
slip trace in the finest microstructure (3 mm) are given in Fig. 10. The
lamella was milled in such a way that it contains a surface slip trace
intersection between the Mg matrix and the Laves phase precipitates.
Fig. 10(a) shows the distribution of Laves phase inside the lamella,
highlighted in blue. A few discrete Laves phase precipitates appear in
the right side of the lamella. Three of these precipitates located close to
the sample surface were analysed and two of them are found to have a
similar orientation. Therefore, only the ones with different orientations
(hereafter named P1 and P2) are investigated, shown by an enlarged
image in Fig. 10(b). HRTEM images showing the interfaces of P1/Mg
and P2/Mg are given in Fig. 10(d) and (e). The basal planes of the C36
Laves phase and Mg matrix are indicated by the yellow and white lines,
respectively. The basal plane of the P1 Laves phase intersects the basal
plane of the Mg matrix at an angle of 73° (Fig. 10(d), while for P2 the
basal plane of the Laves phase is nearly parallel to the basal plane of
the Mg matrix (Fig. 10(e).

Different zone axes of the Laves phase precipitates were reached in
the TEM and compared to the theoretical data to confirm the presence

of the C36 Laves phase (the SAED patterns are shown in Fig. 11(a), (c)
and (e)). Additionally, the Mg matrix was tilted to different zone axes to
identify the orientation relationships between P1/Mg and P2/Mg. The
two precipitates were found to have different orientation relationships
with the Mg matrix. For P1, the angle between Mg 710 and C36/772
was determined to be 4.6°. P2 shows another orientation relationship
where the angle between Mg[oT 10] and C36[TT2 o is 2.7° (Fig. 11(c)) and
(d)). Additional diffraction patterns from P2 show a deviation of 3.6°
between Mgmzo] and C36[T01 0l (Fig. 11(e)) and ()

In addition to the coarse precipitates P1 and P2, the Mg matrix
contains fine precipitates lying on the basal plane (Fig. 10(c)), as has
been reported before [19,24] in other similar alloys. The matrix itself
shows a high dislocation density, and, as revealed by the two-beam
conditions, both, <a> and <c+a> type dislocations are present. The
Laves phase also shows a high density of dislocations but the dislocation
type was not determined in this work. The C36-Mg interface appears
stepped, which is also visible in SEM images. Fig. 10(d) highlights that
these steps occur along the basal plane.

Both precipitates, P1 and P2, contain a high density of stacking
faults, revealed in the HRTEM images in Fig. 10(d) and (e). The
stacking faults give rise to long streaks along the [0001] direction in the
[TTZ 0] SAED patterns (Fig. 11(a), (c)), while the [TO 10] for P2 shows
no streaks (Fig. 11(e)).

4. Discussion

In this work, we aimed to study the influence of the microstructural
length scale on the mechanical properties and co-deformation be-
haviour between the soft Mg matrix and hard Laves phase precipitates.
We will discuss our results along the following research questions in
detail:

1. How does the increase in cooling rate change the microstruc-
ture?

2. How do these changes in the microstructure affect the mechan-
ical properties?
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Fig. 11. TEM images and SAED patterns for orientation relationship analysis: The insets (a) - (f) show the image and the SAED patterns of the Mg matrix or the Laves phase
precipitates, respectively. The diffraction area is highlighted with a yellow circle in each image. The centre location of each inset image is marked with a rounded square. (@) C36
Laves P1 at zone axis [TT20]‘ (b) Mg matrix at zone axis [0-110]. (c) C36 Laves phase P2 at zone axis [TT2 0]. (d) Mg matrix at zone axis [0-110]. (e) C36 Laves phase P2 at
zone axis [1010]. (f) Mg matrix at zone axis [1120]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. How does a difference in microstructural length scales change
the co-deformation between the Mg matrix and the C36 Laves
phase?

4. How do the microstructural length scales in combination with
the co-deformation mechanisms translate to macroscopic me-
chanical properties?

5. Which implications on the design of Mg-Al-Ca alloys with an
interconnected skeleton result from these insights?

4.1. Influence of the cooling rate on the microstructure

As shown in Fig. 2, the reduction in step size and therefore increase
in cooling rate, influences the morphology of the microstructure in
terms of a refinement of the Laves phase network, an increase of
intermetallic phase fraction and connectivity of the skeleton. This is in
qualitative agreement with previous studies on the present Mg-Al-Ca
system [3,11,15] and other types of Mg-alloys [39].

Further, the results of the EDS analysis are in good agreement with
those of previous studies in the Mg-Al-Ca system on slowly cooled
alloys [18,40,41]. Amerioun et al. [40] have shown, that the co-
existence range for the C36 Laves phase (CaAl, (Mg,) extends between

x = 0.66 and 1.07 (corresponding to Al/Ca ratios of 1.34 and 0.93,
respectively). Consequently, the Al/Ca ratio of around 1.3-1.4 found in
this work is still in the expected compositional range for the C36 Laves
phase, even if there may be some influences due to excess detection
from the matrix phase, as has been observed before [18,32].

Therefore, we expect the Laves phase precipitates to be of C36 type
in all samples analysed. For the 3 mm step size, this is also confirmed
by TEM using selected area diffraction (Fig. 10).

In addition to the aforementioned changes in phase fraction and
connectivity, we have observed features that appear self-similar: In all
samples, the mean grain diameter is larger by a factor of 5-10 (Figure
S.1) than the mean strut distance. Therefore, the strut distance remains
well below the grain size, suggesting that the grain size will have a
negligible effect on dominant deformation mechanisms and mechanical
properties. Similarly, the mechanisms of co-deformation are expected
to be affected more strongly by the local strut width. At the same time,
interconnectivity is expected to have a stronger effect on the overall
mechanical properties but can be taken into account separately in its
assessment.

Furthermore, several features, such as stacking faults lying on the
basal plane in both Mg and the Laves phase are observed in the TEM
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lamella extracted from the fast-cooled sample with the smallest step
size. This indicates that both the matrix and the precipitates have a
sub-structure on the nano-scale similar to other, slowly cooled as-cast
samples [5,24] and thus again show self-similarity of the alloys cooled
at different rates.

In summary, we find that by altering the cooling rate of the castings
in this study, we have been able to successfully alter the microstructural
features of the Mg-4.7Al1-2.9Ca alloy towards smaller and more closely
spaced struts. EDS analysis confirms that the chemical changes in the
sample are rather small with a constant Al/Ca ratio achieved in the
Laves phase.

The presented samples are therefore well suited to separate and elu-
cidate the effects of microstructural length scales on overall mechanical
properties and the underlying mechanisms of co-deformation of the
phases and formation of damage in the composite microstructure.

4.2. Influence of microstructure on mechanical properties

We conducted compression tests to investigate the effect of mi-
crostructural changes on mechanical properties, while minimising the
effect of different pore contents that strongly affect mechanical prop-
erty measurements in tension.

We found an increase in the yield strength due to microstructure
modification with decreasing step size. However, the microstructure
modification includes the aforementioned increase in intermetallic vol-
ume fraction and interconnectivity. Both of which are expected to shift
the yield strength towards higher values and therefore any effect of
decreasing strut width and distance cannot be assessed directly.

The values for UTS and yield stress measured at 170 °C for the 15 mm
step size in this work are about 30 MPa (20 %) higher than reported
by [18], where a similar phase fraction of intermetallic (5.8 % in this
study vs 6.8 % in [18]) and only slightly smaller strut sizes, based on
visual comparison with the images in that study (Fig. 1 in [18]), were
reported. Their sample synthesis may have led to a higher amount of
porosity, giving a reduced UTS, this is supported by the generally lower
uniform elongation compared to our study.

Further, the measurement of mechanical properties using tensile
testing was prone to large scattering, which was attributed to casting
porosity. Although deformation in tension was mainly performed to
induce microstructural damage in the form of cracks and voids, it is
nevertheless important to confirm the hypothesis that the scattering
tendency of the data is indeed related to the amount of casting defects.
To this end, we performed X-ray microscopy. As revealed by Fig. 6,
we confirmed the expectation that an increase in pore size and volume
fraction is detrimental to all reported mechanical properties, i.e. yield
stress, UTS, and uniform elongation. There was also a trend of the more
rapidly cooled samples to contain higher amounts of pores, which is
consistent with reports from the literature [11]. We also found that the
oxides observed during the XRM scan appeared to have no discernible
influence, which may be attributed simply to their smaller overall
volume fractions compared to the pores.

4.3. Co-deformation in scaled microstructures

In addition to the dependence of mechanical properties on the
microstructures produced with different cooling rates, our study aims
to unveil the influence of the similar microstructures on co-deformation
mechanisms between the Mg matrix and the Laves phase.

4.3.1. Co-deformation by cracking and slip transmission

Previously reported co-deformation mechanisms are cracking of the
brittle Laves phase, decohesion of the Mg matrix from the Laves phase
skeleton and transmission of plasticity through the Laves phase by
dislocation movement [19,20]. The former two lead to the formation of
voids and are therefore considered damage sites that are especially rel-
evant for failure under tensile conditions. To identify and classify these
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damage sites, a neural network, developed by Medghalchi et al. [20],
was used in our study to identify cracks and decohesion sites. The
number of approximately 290 Laves crack sites per 0.2mm? found for
the 15mm step is below the 2100 mm? (corresponding to 420 cracks
in 0.2mm?) found by Medghalchi et al. [20] at the same strain rate
of 5x 10™*s~! and strain of 5%. The reason for this may be a larger
distance of the struts of 32 pm as reported in [18] vs 20 pm in our case.
Our analysis reveals, that increasing the cooling rate can be an effective
measure to decrease the number of damage sites in the Mg-4.7A1-2.9Ca
alloy.

In our analysis of slip traces in the Laves phases, we found, in
agreement with the proposal by Zubair et al. [19], a smaller number of
cracks and more slip intersections in the Laves phase at the 3 mm step,
i.e. the much finer microstructure produced with the highest cooling
rate.

An apparent explanation for the increased plasticity and decreased
number of Laves phase cracks is the reduced thickness of the Laves
phase [22], as the size effect on fracture in brittle materials [42]
favours plasticity in small volumes of macroscopically brittle materials
like the Laves phases [43,44]. The formation of steps on the interface
of the precipitates in the finer microstructures with protruding basal
plane segments provides another possible reason for enhanced slip
transmission, as these steps may provide local nucleation sites for
dislocations.

The increase in slip transmission, as opposed to fracture of the Laves
phase, appears to be primarily related to the reduction in Laves phase
strut thickness, which favours plastic deformation of the brittle phase.

Based on the findings from our EDS analysis (Al/Ca=1.40+0.05 for
the 15 mm sample and 1.41+0.04 for the 3 mm) sample a change of the
site lattice occupancies in the Laves phase leading to softening is not
expected, as in the C15 phase a small addition of Mg had a small
effect [45,46].

4.3.2. Slip as precursor to cracks

A mechanism frequently observed in Laves phases and other topolo-
gically-close-packed phases, is the beginning of cracks and the sub-
sequent crack opening at slip planes [43,47]. Medghalchi et al. [20]
even attributed the reorientation of cracking angle from 90° towards
more inclined angles in a tensile tested Mg-4.65A1-2.82Ca alloy to the
occurrence of cracks at regions of high dislocation density inside the
Laves phase. This was a result of localised slip in experiments where
the strain rate was reduced at constant temperature. Guenole et al. [48]
performed atomistic simulations on stressed Mg/Cl4 CaMg, Laves
composites, which also revealed a thermally activated transition from
cracking to slip transmission at the point of intersection of basal slip
bands in the Mg phase with a hexagonal C14 Laves phase. Therefore a
competition between cracking and decohesion exists with a transition
point of the prevalent mechanism between strain rates of 5 x 107 s™!
and 5x 10~6s~! at 170 °C [20].

To investigate this further, we performed a similar analysis of crack
inclination angle, as done in [20], manually (conf. Fig. 12(a)). This
analysis (Fig. 12(b)) shows the preference of crack angles close to 90°
to the stress direction for the 15 mm step size microstructure, although
the distribution is broader than observed in [20]. The data for the 3 mm
samples is sparse due to the low total number of observed cracks but
still shows a preference for crack angles above 45°. The high amount
of cracks perpendicular to the boundary of the Laves phase (Fig. 12(c))
renders slip as a precursor to cracking unlikely for a majority of the
detected cracks. In this case, the angle would be expected to show
a wider distribution due to slip lines being observed in a variety of
angles to the Laves phase interface. These findings are then again also
in agreement with the simulation work by Guenole et al. [48] and with
the observation that overall crack density decreases with concurrent
increase in slip events. If slip events would routinely act as crack
precursors, the observed trend should not hold. In this case, size effect
on energy released during crack growth would be counteracted by
the formation of large, through-thickness flaws with a lowered surface
energy in the form of slip planes with high dislocation density.
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Fig. 12. (a) Manual inclination analysis of the cracks (in blue) and the boundary of the Laves phase (in red). (b) Cracking angle with respect to the tensile direction (c) Angle
between cracks and the boundaries of the Laves phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the web version of this article.)

4.4. Connection between microstructure, damage, co-plasticity and mechan-
ical properties

In parallel to the decreased amount of cracks and increased amount
of slip transmission events in the Laves phases with microstructural
refinement, an improvement of the yield stress and maximum com-
pression stress during compression testing was observed. As the tensile
testing is heavily influenced by porosity, premature failure due to
pores likely conceals any beneficial effects of the reduced Laves phase
cracking. If the porosity is in the same order of magnitude for different
samples (cf. Fig. 6 and Figure S.4), a similar magnitude of uniform
elongation, yield stress and UTS can be achieved.

The increased cooling rate also increases the connectivity of the
intermetallic struts, which was found to drastically reduce the ductility
of as-cast Mg-Al-Ca alloys [18] and other material systems [49,50]
due to their higher network rigidity [18,51]. Since for similar porosity
densities the rapidly cooled samples have uniform elongations as high
as the slowly cooled samples, we conclude that the increased slip
transmission behaviour is likely to counteract negative effects of the
increased connectivity and is therefore beneficial for the ductility of
the alloy.

While the plasticity of the skeleton is desirable to facilitate higher
deformability of the whole alloy with less damage nucleation, the hard
phase still needs to shield the load applied to the material to maintain
the improved creep properties this alloy was originally designed for [3,
18].
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The TEM analysis of the finest microstructure (3 mm step size)
shows a high density of dislocations observed near the Mg-Laves in-
terface including <c+a> dislocations, and thus indicates the increase
of stress in presence of the adjacent Laves phase. This is in analogy to
other reports of back-stress hardening due to eutectic particles in Mg-
alloys [19,52]. Therefore, the principal co-deformation mechanism in
the present alloys is likely based on forward stresses that can nucleate
dislocations in the Laves phase, as observed by Zubair et al. [19] before.

Zubair et al. [18] have shown that for increasing the network
rigidity, the load-bearing capacity is increased. However, they also
did report decreased ductility if the connectivity becomes too high.
Similar trends for the load shielding behaviour have been observed by
Amberger et al. [3] In this study, we have shown that the ductility of
the alloy will be improved alongside an increased rigidity if the amount
of plasticity is increased at the same time, which is possible by thinning
down the struts using the cooling rate.

4.5. Further implications for alloy design

The three tunable parameters (spacing and size of the struts, amount
of second phase, and connectivity of the Laves phase skeleton) can
be influenced by the cooling rate, the composition [5,18] or both,
therefore spanning a 2-dimensional microstructure design space. Fig.
13 displays the qualitative changes found in our study and previously
by Zubair et al. [18,22]. As expected, the size of the struts is mostly
influenced by the cooling rate, while connectivity and phase fraction
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can be increased by both, increasing the Al/Ca or cooling rate. Addi-
tionally, the connectivity only increases significantly with the fastest
analysed cooling rate in the present study. Thus, the three parameters
can be tuned individually to a certain degree.

The following thoughts on alloy design are guided by the assump-
tion, that a higher connectivity will improve the alloy creep strength [3,
18], while finer struts will increase the alloy’s ductility ([19] and this
study).

Producing alloys for even higher creep strengths: Amberger et al. [3]
and Zubair et al. [18] have identified the connectivity of the inter-
metallic Laves phase as a major influence on increasing the creep
strength. Tuning the connectivity by increase of the cooling rate will
lead to a refined micro-structure at the same time and thus also possibly
improve the ductility of the alloys at regimes of higher strain, which
still may be relevant for safety of components. In contrast, the increase
of connectivity by changing the Al/Ca ratio leads to more brittle
behaviour, especially at higher strain rates [18]. Zubair et al. [19]
showed high creep at interfaces by means of indentation. The increase
of connectivity will likely also increase the interface available for
mechanisms such as decohesion to act on. However, Amberger et al. [3]
still observed an improved effect if the microstructure was refined.

Reducing the preliminary failure of already creep-resistant alloys:
The amount of damage, especially of Laves cracks, is greatly reduced
with decreasing cooling rate. Therefore, alloy compositions that have
a higher connectivity than the alloy investigated in the present study
(e.g. AX44 in [18]) may become more ductile during deformation at
strain rate regimes faster than conventional creep (that is towards the
case studied here, 5 x 10~*s-1).

Further, while increased strength of Mg-Al-Ca alloys can be achie-
ved by, e.g., extrusion [28] or friction stir-processing [32], these pro-
cessing techniques will destroy the interconnected Laves phase skele-
ton, which is important for creep resistance [13,19]. Therefore, the
microstructural refinement may also lead to alloys that have a wider
range of mechanical load cases, and may therefore be used to bridge
high creep strength with damage tolerance at room temperature.

Reducing Ca-induced casting defects: As an increase in connectivity
and phase fraction could be achieved by decreasing the cooling rate and
decreasing the Al/Ca ratio (starting from the rapidly cooled microstruc-
tures), there likely exists a point at lower Al/Ca ratios and lower cooling
rates, that has a similar phase fraction and connectivity as a point
at medium Al/Ca and fast cooling rates. The resulting microstructure,
will however also have a larger strut size. This approach is suitable,
if for a given phase fraction and connectivity the amount of casting
defects (pores) needs to be reduced and the strut size is of secondary
importance.

In addition to variation of alloying elements, increasing the cooling
rate is therefore a promising route for finding more ductile alloys in
the Mg-Al-Ca system. Regarding the microstructures investigated in
this work, the alloy from the 3mm step showed the most promising
properties, as it had the highest yield and maximum stresses under
compression testing, and a heavily reduced number of cracks inside the
Laves phase, although its creep performance remains to be assessed.

5. Conclusion

In the present study, we analysed the dependency of the microstruc-
ture size on cooling rate during casting of an Mg-4.7Al-2.9Ca alloy
on the microstructural and mechanical properties. Furthermore, we
reported insights into the change of co-deformation behaviour, as re-
vealed by crack formation and plasticity of the skeleton in dependence
on the step size. Therefore the main conclusions of this study are:

1. We successfully refined the microstructure of Mg-4.7Al-2.9Ca by
increasing the cooling rate with decreasing step size. This leads
to an increase in connectivity of the intermetallic skeleton and
the phase fraction of Laves phase, while keeping the constituent
phases the same and changing the microstructure, such that it is
self-similar.
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2. With decreasing step size the yield stress and compressive stress
are improved from 96+4MPa to 117+2MPa and from 223+4to
24442 MPa. Further, the elongation at maximums stress increases
from 0.18+0.003 to 0.23+0.005. This is connected to the refine-
ment, increase of phase fraction and connectivity of the Laves
phase skeleton.

3. The step-size-dependent refinement of the microstructure leads
to a decreased amount of cracking and increased observation of
slip transmission sites.

4. Cracking and slip transmission seem to be independent mech-
anisms and it is unlikely, that slip precedes cracking in the
majority of investigated cracks.

5. Tailoring of the connectivity, intermetallic phase fraction and
microstructure scale can be efficiently designed by the two
dimensional space of cooling rate and alloying addition. There-
fore, the investigated alloy can be optimised for higher creep
resistance and reduction of preliminary failure or casting defects,
such as pores.
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