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Laves phases such as CaMg, (C14), Ca(Al,Mg), (C36), and CaAl, (C15) have high melting points, high
hardness at room and elevated temperatures, but are inherently brittle. Cast Mg-Al-Ca alloys having
Laves phase skeleton thus have good creep properties but limited ductility. An understanding of the
co-deformation behaviour of a-Mg and Laves phases is essential for further improving the mechanical
performance of these alloys. Here, we study the mechanical behaviour of a Mg-4.65A1-2.82Ca alloy using
micropillar compression in the a-Mg matrix, at a-Mg/C36 and a-Mg/C15 interfaces and in the C15 phase
in combination with scanning electron microscopy. We show that both, C15 and C36 phases, provide
considerable strengthening to the a-Mg matrix. The amount of strengthening primarily depends on the
volume fraction and geometry of Laves phases in composite micropillars and correlates well with the iso-
strain and iso-stress bounds predicted for a-Mg/C36 and a-Mg/C15 composites.

Laves phase containing Mg-Al-Ca alloys exhibit superior
creep resistance when compared to conventional Mg-Al-Mn
or Mg-Al-Zn alloys [1-3]. These Laves phases reinforcing the
Mg-Al-Ca alloys are characterised by high strength [4], hard-
ness [4-7] and melting points [5] when compared to the a-Mg
matrix [6]. In cast Mg-Al-Ca alloys, the Laves phases are pre-
sent as an intra- and intergranular skeleton within the a-Mg
matrix [6, 8-11]. Knowledge about the amount of strengthen-
ing induced by Laves phases in the Mg matrix is important and
can be helpful for alloy design. However, even where overall
strengthening of an alloy is observed due to the introduction of
a second phase, it is the understanding of which deformation
mechanisms are affected, and in which way, that really opens
purposeful microstructure and composition design strategies.
Previous work on Mg-Al-Ca alloys has mainly focussed
on the identification of advantageous microstructures with
respect to the formation of an intermetallic skeleton and the
macroscopic properties that can be obtained as a result [2, 8,

11-13]. For those alloys with the most promising properties,
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the co-deformation mechanisms were also explored [6, 10].
These alloys have in common that they contain the Ca(Mg,Al),
C36 phase as the dominant strengthening Laves phase. What
is not known is whether one of the other Laves phases of the
Mg-Al-Ca system may in principle give better co-deformation
performance in offering equally or better high temperature sta-
bility, load-shielding to enhance creep resistance or co-deforma-
tion of the matrix and intermetallic skeleton at stress concen-
trations to avoid cracking and void formation that lead to early
failure. In this respect, the cubic CaAl, phase is of particular
interest. It is known to be harder than the other Laves phases [5,
14, 15], making it possibly harder to co-deform, but as a cubic
phase also likely offers a larger number of slip systems, which
may align with the basal plane of the hexagonal Mg matrix to
allow dislocations to cross the interface.

The most easily activated deformation mechanisms of
Mg at room temperature are basal slip and extension twin-
ning. This is because the critical resolved shear stresses, tcgss,
required to activate basal slip and extension twinning, amount
to = 0.5 MPa [16, 17] and < 10 MPa [18, 19], respectively. On
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the other hand, the stresses required to activate prismatic and
pyramidal <a>slip in Mg are =~ 39-44 MPa [20-23]. This large
difference between the T¢crgg for activation of different deforma-
tion mechanisms usually results in a strong plastic anisotropy
at ambient temperature [24, 25]. Consequently, large differ-
ences are found between the yield stresses when the crystals are
deformed along different directions [26-28]. Considering this, if
micropillar testing is carried out on different crystal orientations
in a comparison of micropillars from the two different micro-
structural regions (a-Mg and a-Mg/Laves phase interfaces),
then the orientation dependence of deformation in the a-Mg
matrix has to be taken into account as well for any specimens
consisting of both phases, particularly as deformation is bound
to start in the softer metallic phase.

Depending on the Ca/Al ratio and the temperature chosen
for any annealing treatment, there can be three different types
of Laves phases in Mg-Al-Ca alloys: CaAl, (C15), CaMg, (C14)
or Ca(Mg,Al), (C36) phase [8, 14, 29-32]. The cubic C15 phase
is generally reported in as-cast Mg-Al-Ca alloys where the
Ca/Al ratio is =<0.3 [30, 33]. The C36 and C14 phases tend
to be present in alloys where the Ca/Al ratio is below or above
approximately 2/3, respectively [8, 30, 31, 34-38]. These ratios
can change depending on the cooling rate during solidification
and often two Laves phases tend to coexist, e.g. a combination
of C36 and C14 phase was reported in Mg-5.37A1-2.89Ca (Ca/
Al: 0.54) [30], in Mg-3.68A1-3.8Ca (Ca/Al: 1.03) [8] and in
Mg-3.94A1-3.83Ca (Ca/Al: 0.97) [14]. Nonetheless, as the Ca/
Al ratio varies from 0.3 to 1 and beyond, the nature of the pre-
sent Laves phase changes from C15 to C36 and finally to C14 as
the Ca/Al ratio increases [14, 30, 35, 39].

Although they are macroscopically brittle at low tempera-
tures, Laves phases have shown considerable plasticity in small
scale mechanical testing like micropillar compression [4, 7, 15,
40]. The thickness of Laves phase struts in conventional as-
cast Mg-Al-Ca alloys is of the order of 1 um or less; close to
the dimensions generally studied in micropillar compression
testing.

Here, our aim is to achieve insights into the co-deformation
of the Mg matrix with two different Laves phases under con-
ditions close to those in a final, technologically useful micro-
structure. Due to the morphology of the Laves phase available
from as-cast microstructures, with their finer Laves precipitates,
certain information will remain out of reach, e.g. an accurate
interfacial shear strength or quantitative transmission stresses.
However, even though the occurring phase transformations
make the preparation of interfaces for dedicated mechanical
testing a challenging endeavour, this information may be studied
separately in the future if straight interfaces can be achieved by
appropriate heat treatment or solidification conditions.

In this work, we therefore set out to study the active defor-

mation mechanisms and in particular co-deformation in a Laves
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phase reinforced Mg-Al-Ca alloy. For this, we considered four
systematic sets of conditions: (1) (micro)compression of the
a-Mg phase in different orientations to assess the behaviour of
the matrix alloyed with Al and Ca as a baseline, (2) compression
of micropillars containing a-Mg/Laves phases interfaces with
the C36 Laves phase from as-cast alloy or (3) Mg/C15 Laves
phase interfaces from the same alloy in an annealed state and
(4) compression of C15 Laves phase. Together, these allow us to
directly compare the strengthening effect of the Laves phases
on the a-Mg matrix and assess the effects of the geometrical

alignment of Laves phases on the co-deformation behaviour.

Microstructural characterisation

A typical secondary electron (SE) image of the as-cast micro-
structure of cast Mg-4.65A1-2.82Ca is presented in Fig. 1(a).
The a-Mg matrix (grey colour) is reinforced with an intercon-
nected intermetallic skeleton (white phase) shown at greater
magnification in Fig. 1(b). The grain size of the alloy is large
when compared to the areas bounded by the intermetallic struts
[Fig. 1(c)]. The big grains enabled milling of micropillars from
a single grain within the a-Mg matrix and at the a-Mg/Laves
phase interfaces. The determined composition using energy dis-
persive spectroscopy (EDS) in scanning transmission electron
microscopy (STEM) of the intermetallic Laves phase and the
a-Mg matrix is presented in Fig. 1(d) (data taken from [14]).
Note that the solubility of Ca in the a-Mg matrix is very low and
therefore not quantified here by means of EDS. The morphology,
composition, and structural analysis (as presented in [14]) of
the Laves phase confirms that it is the Ca(Mg,Al), C36 phase.
The C36 phase was also determined to be the main intermetal-
lic phase in similar alloys studied previously [9-11, 37]. This
phase is also shown to contain small precipitates as highlighted
by green arrows Fig. 1(e). These have been characterized as Mg
rich precipitates within the C36 phase [41]. Moreover, there
are intragranular needle-like CaAl, C15 precipitates within the
a-Mg matrix in line with the previously reported work on simi-
lar alloys [8, 11].

The microstructure of the heat-treated alloy contains the
a-Mg matrix and inter- and intragranular C15 Laves phase
precipitates (Fig. 2). The C15 precipitates were present as
irregular particles or thick platelets in comparison to thin
interconnected struts in the as-cast alloy, [Fig. 2(a and b)].
Moreover, the present intermetallic phase changed after
heat treatment: in the as-cast alloy, the C36 Laves phase was
observed, while in the heat-treated sample the C15 phase was
observed [Fig. 2(c)]. The heat treatment effects on micro-
structure evolution in this alloy have already been presented
in [14], where the Mg and C36 phase were found to be stable

www.mrs.org/jmr

Issue 15 August 2023

Volume 38

Journal of Materials Research

3614



\\\\

m Journal of
MATERIALS RESEARCH

Matrix:98.8 Mg + 1.2 Al

=)
=
M

n
>
M

-
>
M

w
=
1

L
>
"

—
>
L

=

Laves Phase Composition (at. %)

Figure 1: (a) SE image showing the microstructure of the as-cast Mg-4.65Al-2.82Ca alloy, (b) is the high magnification image of the microstructural
region highlighted by blue rectangle in (a), (c) shows the inverse pole figure (IPF) and image quality (IQ) maps superimposed on each other showing
that the grain size exceeds the distance between intermetallic struts (IPF legend is same for Mg phase as presented in Fig. 2) and (d) depicts the
composition of the microstructural constituents determined using STEM-EDS (composition taken from [14]). () STEM image of a cross-section
through a micropillar from the as-cast material containing C36 Laves phase as the darker phase with precipitates (green arrow) and a-Mg matrix with
dislocations (orange arrows) and CaAl, precipitates (yellow arrows) including a magnified view of the orange rectangle.

at a temperature of 500 °C (heat treatment temperature) in
Mg-4.65A1-2.82Ca alloy by CALPHAD modelling. However,
the stability of the C36 phase in this alloy decreases with
temperature and during cooling the C36 phase transforms
to C15.

©The Author(s) 2023

The area fraction of the Laves phase is reduced
from ~ 7.1% C36 in the as-cast state to ~4.9% C15 phase in
the heat-treated state [14]. This reduction in area fraction is
assumed to occur because the C36 phase contains a larger
amount of Mg than the C15 phase [42].
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Figure 2: (a) Microstructure of the as-cast alloy, (b) microstructure of the heat-treated alloy, (c) change in composition of the intermetallic phase after
heat treatment, (d) IPF map of Mg and CaAl, phase and (e) phase map of the same region shown in (d) having Mg (in red) and CaAl, in green. ND is the
surface normal direction pointing towards the reader (for further details see Figure SM 1).
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Figure3: (a) Engineering stress—strain curves of Mg micropillars deformed at room temperature for low to intermediate declination angles ¢, (b)
variation of the yield stress (o, ,) with ¢, (c) SE images of the side view taken at an angle of 45° to the surface normal of a deformed micropillar from
three different directions and their comparison with simulated micropillars depicting the activation of basal slip.
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Deformation of the a-Mg phase—effect of c-axis
orientation

The micropillars were milled into a-Mg grains with declination
angles (¢) between the compression axis and the c-axis of the
Mg unit cell varying from ~ 6 to ~ 89°. As expected for Mg, the
engineering stress—strain curves showed a strong dependence on
the orientation [Fig. 3(a)]. The yield stress first decreased up to
intermediate angles [see also Fig. 3(a)] and then increased again
towards 89° [Fig. 3(b)]. Basal slip was found to be the predomi-
nant deformation mechanism at the angles tested with ¢ up to
55° [the next considered inclination was 77°, all tested angles are
shown in Fig. 3(b)]. The slip system identification was confirmed
by matching the deformed pillars with simulated pillars which
were generated using the Matlab code and electron backscatter
diffraction (EBSD) data as discussed in [43, 44]. For this pur-
pose, the deformed and simulated pillars were compared from
three different sides and rotated clockwise at increments of 120°
[Fig. 3(c)]. The deformation features in micropillars undergoing
basal slip were very similar to the earlier reported cylindrical Mg
micropillars oriented for basal slip [45-47].

Extension twinning or a combination of extension twinning
and basal slip (within the deformation twin) was observed when
¢ was varied between 77 and 89° (Fig. 4). In a few micropillars,
only basal slip was also observed together with bending of the
micropillars [one such example is shown in Fig. 4(e)]. A side
and top view image of one deformed micropillar with the c-axis
nearly perpendicular to the applied load is presented in [Fig. 4(a
and b)]. As opposed to basal slip, it is not straight forward to

confirm extension twinning in the deformed micropillars. We
therefore used post-deformation orientation analysis by trans-
mission kikuchi diffraction (TKD) to confirm the occurrence of
twinning by lifting out a thin lamella. The position from where
the lamella was lifted out is highlighted by the white dotted rec-
tangle in Fig. 4(b). The IPF map of the deformed cross-section
[Fig. 4(c and d)] reveals that the entire micropillar has twinned
and analysis of the misorientation angle between the unde-
formed matrix and the deformed pillar confirms that the twin

isa {1012} extension twin commonly observed in Mg.

Co-deformation of the a-Mg(Al,Ca) and hexagonal C36
Laves phase

In micropillars containing both phases in the as-cast alloy, i.e.
Mg matrix and mainly C36 Laves phase, the Laves phase skel-
eton can delay the onset of basal slip and twinning, but the effec-
tiveness of this strengthening effect depends on the geometric
alignment of intermetallic phase and the active deformation
paths originating from the Mg matrix (Fig. 5).

There is a significant increase in yield stress when the
Laves phase runs through the micropillar [Fig. 5(a-c)]. The
strengthening effect of the Laves phase was much weaker when
the Laves phase was present only in a portion of the micropil-
lar [Fig. 5(d-f)] and therefore parts of the pillars were able to
deform on a continuous basal slip plane in the Mg phase alone.
The small strengthening contribution was then presumably due
to the slight radius increase along the pillar axis [Fig. 5(f)] as
the strengthening induced by Laves phase in the upper portion

Pillar oriented for {1012}(1011) extension twinning

(0001)[1120]

TR

Figure 4: (a): side view (SE image) of a deformed micropillar oriented for extension twinning (unit cell and micropillar image is at 45° tilt), (b) top view
of the micropillar shown in (d). The white dotted rectangle in (b) depicts the region from where the focussed ion beam (FIB) lamella was lifted out for
TKD, (c) micropillar cross-section on which TKD was performed, (d) IPF map revealing that the entire pillar has twinned, (e) side view of a micropillar
which underwent basal slip even when the highest SF for basal slip was only 0.06 (¢ =86°).
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Figure 5: Engineering stress—strain curves of Mg and Mg/C36 Laves phase micropillars with representative micrographs of corresponding micropillars
(for more micrographs see Figure SM 2). On the left, the three major cases depicted here are drawn schematically: (a—c) geometric alignment of Mg
and C36 phase obstructing through-thickness deformation along the softer Mg phase in basal slip only; (d-f) deformation in case of continuous Mg
deformation path by basal slip and (g-i) co-deformation in case of deformation dominated by extension twinning in the Mg matrix. All six scale bars

(white lines) represent a length of 1 um.

restricted the deformation via basal slip in that region of the
micropillar.

Similarly, the yield stress of micropillars oriented for exten-
sion twinning also increased due to the presence of the Laves
phase [Fig. 5(g-i)]. Specifically, o, increased from ~220 MPa
for a pillar containing only a-Mg [Fig. 5(h)] to ~450 MPa for a
pillar containing Laves phase and a-Mg phase [Fig. 5(1)].

Across all pillars tested, the effect of the geometrical align-
ment of the two phases therefore appears to be more important
than the volume fraction of Laves phase in the micropillar with
the complete obstruction of an easy deformation path inside the
Mg matrix giving maximum strengthening and co-deformation
with plasticity in the C36 phase or along an interface in the cases
where the Mg phase cannot deform to give a through-thickness
shape change of the pillar by itself.

©The Author(s) 2023

Co-deformation of the a-Mg and cubic C15 CaAl, Laves
phase

In contrast to the fine Mg/C36 composite in the as-cast mate-
rial, the annealed state allowed the preparation of micropillars
consisting entirely of either Mg or CaAl, Laves phase as well as
a combination of the two. A direct comparison (Fig. 6) between
monolithic and two-phase pillars milled in adjacent grains of
the two phases and at their interface, respectively, gave a much
higher yield stress for the CaAl, phase (o, , =3 GPa) compared
with the a-Mg matrix (o, , ~ 130 MPa) and an intermediate value
for a pillar containing Mg/CaAl, interfaces.

Only a single case of slip transfer visible at the micropil-
lar surface was observed [Fig. 6(g)], although it could not be
characterised in more detail due to its position at the very bot-

tom of the micropillar. Again, the pillars showed very little

www.mrs.org/jmr

Issue 15 August 2023

Volume 38

Journal of Materials Research

3618



/// m Journal of
MATERIALS RESEARCH
= 3500
(a) ®=56° £
i -
basal slip S 3000/ L
¢ vg
& ——Mg/C15 Phase
$02500. C15 Phase
£
§ /\
£ 1000
23
=
=
0
0.00 0.05 010 015 020
D=80° Engineering Strain (um/pm)
twinning
(e) £ 1200
W\ = ——Mg
] ———Mg/C15 Phase
2 800- ——Mg/C15 Phase
)
g
=
5
()
=
= 0
0.00 0.05 0.10 0.15 0.20

Figure 6: (a) Engineering stress strain curves of micropillars oriented for basal slip containing a-Mg phase, a-Mg/CaAl, phase mixture, and CaAl, phase.

Engineering Strain (um/pm)
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respective stress—strain curves. The white arrow in (g) highlights the point of slip transfer from Mg to CaAl,. Scale bars represent the length of 1 um.
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strengthening where a continuous deformation path through
the Mg matrix existed [Fig. 6(h)] and corresponding stress strain
curve) and an intermediate value where the CaAl, phase could
not be circumvented easily.

The experimental results were further compared with the
simulated pillars using full-field dislocation density-based crys-
tal plasticly model. For that purpose, two 3D geometrical models
were created with different geometric alignment of intermetallic
phases, as shown in [Fig. 7(a and f)].

In [Fig. 7(a)], the Laves phase ran through the matrix, while
in [Fig. 7(f)] the Laves phase was only present in a portion of
the micropillar. In both micropillars, the volume fraction of the
Laves phase was 33.3%. It is clear that, for the same volume
fraction, a higher flow stress was attained when the Laves phase
was present in a top to bottom morphology. Differences with
respect to the experimental data mainly result from the discrete
nature of flow in experiments, with shear localising on individ-
ual planes. This is not captured in the distribution of dislocations

and the resulting flow curves in the simulation.

Deformation of the a-Mg(Al, Ca) phase
We found that the Mg matrix phase contained about 1.2% Al

and a small amount of Ca below the limit of quantitative detec-
tion by EDS. This is consistent with expectations based on the
solubility of the two elements [14]. In addition, we found pre-
cipitates of CaAl,, presumably, parallel to the basal plane which
have been described before [8, 11, 12]. In the light of these fea-
tures, we set out to characterise the orientation dependence of
flow in the a-Mg phase in terms of the dominant deformation
mechanism (dislocation slip or twinning) and the associated
critical resolved shear stresses.

We observed the expected anisotropy [see Fig. 3(a and b)]
with the yield stress increasing as the declination angle of the
c-axis towards the compression direction tilts from 0° towards
90°. This is because the Schmid factor, myg, for basal slip is
reduced and higher stresses are required to reach the tcpss for
basal slip. Further, it can be seen in [Fig. 3(a)] that the pillar
with a declination angle of ¢-6° (black curve), exhibited no
significant strain bursts in the stress—strain curve, but showed
a rather continuous transition from the elastic to the plastic
region and a higher strain hardening. The highest Schmid fac-
tor for basal slip in this pillar was ~ 0.09, but even then, some
basal slip traces were observed on the surface of a deformed
micro-pillar. The strong work hardening in such a pillar likely
reflects simultaneous activation of non-basal (pyramidal) slip
systems, which is usually associated with pillars milled in ori-
entations with ¢ approaching 0° [48]. The t¢rss for basal slip
was measured as 58 £ 19 MPa, in good agreement with the
earlier reported values of ~51 MPa by Wang et al. [26] for

©The Author(s) 2023
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Figure 8: Comparison of CRSS values for basal slip observed in this work
and reported in existing literature.

micropillars of similar geometry and size in Mg5%Zn alloy.
A more detailed comparison of the CRSS for basal slip with
values reported in the literature is presented in Fig. 8. These
values are well above those observed in macroscopic tests [16,
17] due to the well-known size effect [45-47, 49-51]. The
size effect occurs because of the small number of dislocations
sources and the truncation of the moving dislocation arms
associated with the small volume and/or with the scarcity of
mobile dislocations [27, 45].

The mechanical behaviour of the a-Mg phase in both as-
cast and heat-treated states have also been compared. As the
amount of Al is similar in both as-cast and heat treated a-Mg,
the mechanical response of both phases should be similar.
This is indeed what is observed and presented in the Supple-
mentary Materials in Figure SM 3.

The scatter in yield stress values increased significantly
for micropillars with ¢ > 77° (Fig. 3), i.e. away from those ori-
entations where the measured yield stress can confidently be
associated with basal slip. The o, for these (for which ¢ >77°)
orientations was 240 £ 90 MPa. A relatively large scatter for a
similar orientation was also observed by Wang et al. [26] in
Mg5%Zn and by Wang et al. [27] in a Mg-0.2Ca-1.8Zn alloy.
They [27] related the observed scatter to the initial misalign-
ment between the indenter and the micropillar surface as twin
nucleation is very sensitive to localised stresses. Moreover, as
presented in [Fig. 4(a—d)], the entire pillar underwent defor-
mation twinning when the declination angle was (¢ = 89°).
However, as shown in [Fig. 4(e)], the pillar appeared to deform
via basal slip when ¢ was = 86°. Additionally, in some pillars,
twin-like features were observed on the surface of deformed
pillars when ¢ was = 77° (Fig. 5). Extension twinning was
observed in similar orientations in micropillar compression

of pure Mg and its alloys in several recent studies [27, 28, 48,
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52-57]. However, the presence of twins in a micropillar can
only be confirmed via lift out and additional characterisation
by EBSD, TKD or TEM, we therefore did not calculate a CRSS
for twinning from the present data, as we only performed
TKD on a cross-section of one sample [Fig. 4(d)].

In summary, the observations on the a-Mg micropillars
compressed along different orientations conforms entirely with
expectations for pillars of the given size and is consistent with
reports on microcompression testing in other Mg alloys.

Deformation of the Laves phases

Laves phases (C15, C14 or C36) have a high strength compared
to the a-Mg matrix. While to the best of our knowledge no data
exists for the Ca(Mg,Al), C36 phase in isolation, due to the dif-
ficulty of synthesising bulk specimens of sufficient size, we meas-
ured here a yield stress of the order of 3 GPa for the CaAl, C15
phase. This value is within the same range as the values reported
by Freund et al. [15] in their work on CaAl,. Using micropillars
of a similar diameter of = 2 um, the yield strength for the CaMg,
Laves phase was found to be = 1.25 GPa, with a corresponding
CRSS for basal slip of = 520 GPa [4]. A consistent difference
in the micro hardness of CaAl, and CaMg, was reported by
Rokhlin et al. [5]. The difference between the hardness of the
CaMg, and CaAl, phases is also evident in a comparison of work
by Zehnder et al. [4] and Freund et al. [15]. Zehnder et al. [4]
reported a hardness of = 3.4+ 0.2 GPa for CaMg,, while Freund
et al. [15] reported a hardness of 4.9+0.7 GPa for the CaAl,
phase, both at room temperature. In the binary Nb-Co system,
all three Laves phases exist as NbCo, and no significant depend-

ence on the crystal structure was found in indentation across

1400 - (a)

= 1200 -

Mg oriented for BS

[

[

[

<
f

801 the pillar

600 -

400 -

Yield Strength, MP

200

0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction of C36 phase

a diffusion couple containing all three phases [58, 59]. In our
case, we change the B element of the general AB, Laves phase
stoichiometry from predominately Mg (C14) to a mixture of Mg
and Al (C36) to predominately Al (C15). We would therefore
expect the CRSS values for the C36 Laves phases to be within
the range of values reported for the C14 and C15 Laves phases.

In principle, we expect all three Laves phases to act as effi-
cient strengthening phases and this is in fact what we observed
in all micropillars containing both phases (a-Mg and Laves
phase). Using the image of simple composite deformation, the
micropillar strength is determined by the way the two phases
are arranged geometrically, with an efficient strengthening only
achieved where deformation along the ‘weakest link’ of a con-
tinuous soft phase with a suitable deformation path (basal slip
in Mg) is prevented (Figs. 5 and 6).

(Co)-Deformation and reinforcement potential in bulk
alloys

Following the characterisation of the Mg(Al, Ca) matrix phase’s
deformation and the deformation of the Laves phases, we focus
on the strengthening potential of the latter within a dual phase
microstructure. In this context, the two most important aspects
to consider are: (1) Can strengthening be achieved in such a way
that the matrix is shielded from excessive stresses? (2) Can the
desired phase be easily obtained in a morphology that allows
effective stress transfer to the reinforcement phase?

To address the first question, on whether strengthening
is achieved in the composite pillars, we approximated the
volume fraction of Laves phase in each pillar from the sur-
face area fraction (see Supplementary Materials, Figure SM
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Figure 9: Prediction and measurement of the yield stress in composite pillars with C36 Laves phase where Mg is oriented for basal slip (BS) and
extension twinning (ET). Black lines and red curves in (a) and (b) represent the estimated upper and lower bounds for Mg-C36 composite micropillars
after applying iso-strain and iso-stress conditions. Blue and orange dots represent the geometry of C36 Laves phase when it runs through the pillar
(blue dots) and when it is present only in a portion of the pillar (orange dots). Blue and orange dots in (a) are for the curves presented in Fig. 5(a) and
(d) while blue dot in (b) represent the data presented in Fig. 5(g). The micropillars for which the data is presented here and in Fig. 5 are shown from

different sides in Figure SM 2.
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4) and determined whether at least one continuous segment
was observed along its length or not. This effectively divides
the pillars into two categories, namely one in which a cross-
section of only Mg exists that cannot share the load towards
the Laves phase and which has a free path for dislocation slip
or twinning, and a second, in which the axial load can be car-
ried along the pillar length in a Laves phase segment that also
acts to inhibit slip or twinning (indicated as orange and blue
points respectively in Fig. 9). These two scenarios, as ideal
cases, correspond to the iso-stress and iso-strain assump-
tions, respectively. For the pillars investigated here, we found
that in iso-stress condition, the predicted lower bound on the
strength is well reproduced in the pillars. To estimate stresses
for these conditions, the strength of pure Mg phase oriented
for basal slip was taken as 100 MPa and as 200 MPa in case
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Mg is oriented for twinning. The yield strength for the C36
phase was assumed as that of the C14 phase (=1250 MPa, see
[4]). The resulting upper and lower bounds of the strength
representing the iso-strain and iso-stress conditions for com-
posite micropillars are given by grey and red symbols in Fig. 9.

For the pillars which may approach an iso-strain condi-
tion, the available microstructures from which the pillars were
cut affect the results: for the C36 reinforced pillars, continuous
segments were found at low volume fractions and good agree-
ment with the predicted upper bound of the strength was seen.
These results also correspond well to crystal plasticity simula-
tions performed to assess the expected pillar behaviour more
quantitatively by taking the strong anisotropy of slip in the Mg

phase into account (see Fig. 7). The simple predictions from
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Figure 10: Prediction and measurement of the yield stress in composite pillars with C15 Laves phase where Mg is oriented for basal slip (BS) and
extension twinning (ET). Grey and red symbols in (a) and (b) represent the estimated upper and lower bounds for Mg-C15 composite micropillars
after applying iso-strain and iso-stress conditions. A magnified view of the portion indicated by the dotted black rectangle in (a) is presented in (c).
Light blue and green boxes indicate the two data points corresponding to the composite pillars presented in (d). The undeformed and deformed
micropillars whose o, , is denoted by the blue dots and enclosed by dotted light blue rectangle in (a) are presented in Figure SM 5.
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composite models therefore seem sufficient for the purpose
of this investigation overall.

For the C15 phase and the two present precipitate shapes,
only the irregularly shaped particles were large enough to span
the entire length of a pillar and occurred only at large volume
fractions of 50% and above. In these cases, we found that the
upper bound was not reached, but instead a maximum stress of
the order of 1 GPa was achieved (Fig. 10). This stress is above
that achieved in the Mg/C36 pillars and of the order the upper
bound expected to be achievable with C36 reinforcement, but a
third of the bulk C15 strength.

Both phases therefore provide load shielding and additional
strength in combination with the Mg matrix, but in the vol-
ume of tens of um [3] investigated here, optimal strength is not
achieved in either composite. While in case of the C36 phase,
the phase morphology prevents higher volume fractions, in case
of the C15 phase it precludes the realisation of well-defined iso-
stress conditions, rather, the micropillars fail at lower stresses,
possibly due to stress concentrations along the jagged interfaces
of the brittle phase.

In a bulk microstructure, conditions of similarly efficient
load sharing as in micropillars with a continuous Laves phase
running from top to bottom are only achieved by a continu-
ous intermetallic skeleton, otherwise hardening must rely on
the obstruction of dislocation motion. The skeleton-like (con-
tinuous) morphology of Laves phase directly after casting is
promoted with increasing Ca/Al ratio [8] but the CaAl, phase
is found primarily at low Ca/Al ratios [30]. The C36 and C14
phases appear at high Ca/Al ratio and form a skeleton in the
Mg matrix in which strut thickness and connectivity can then
be tuned by solidification rate and alloy content, respectively.
In these alloys, the C15 phase can be obtained also, but upon
extended heat treatment and slow cooling, as performed here,
and occurs in the form of discontinuous particles. The mechani-
cal behaviour of such microstructures is consistent with particle
composites, both in terms of dislocation hardening models and
the prevalent iso-stress condition making these comparatively
soft, However, it has been reported in recent literature that the
presence of C15 phase within Mg matrix also leads to consid-
erable work-hardening in Mg-Al-Ca alloys [14, 60]. The C15
phase reinforced Mg-Al-Ca alloys can therefore demonstrate
a very good combination of room temperature strength and
ductility [14, 60].

Owing to the difficulty of obtaining pillars with controlled
volume fractions and morphologies of both phases for the most
highly loaded iso-strain conditions, we were not able to assess
the mechanisms of plastic co-deformation in more detail. In
particular, we had initially hoped to connect this work to atom-
istic modelling activities that revealed possible co-deformation
and its thermally activated nature [10], consistent with nanoin-

dentation across two phase regions of the microstructure and a

©The Author(s) 2023

decrease in the occurrence of brittle cracks formed under nor-
mal stress in quasi-static tensile deformation of bulk specimens
at elevated temperature and low rate [6, 61]. For the Mg/C36
pillars with a continuous Laves phase resulting in a yield stress of
the order of the expected iso-strain condition, this may be pos-
sible in the future, but likely restricted to elevated temperature

testing and ideally in a displacement-controlled device.

We investigated the deformation and co-deformation of a
a-Mg(Al,Ca) solid solution matrix with small precipitates
deformed along different crystal orientations and its co-defor-
mation with the cubic CaAl, C15 and hexagonal Ca(Mg,Al),

C36 Laves phases. Our findings and conclusions include:

1. The CRSS for basal slip in = 2 um a-Mg(Al,Ca) micropil-
lars at 58 +19 MPa corresponds closely to that of related
alloys and twinning is introduced where the compression
direction approaches a direction that is perpendicular to
the c-axis.

2. Both, the C36 and C15 Laves phases delay the onset of basal
slip in the a-Mg phase and also provide significant strength-
ening where the Mg phase is oriented for extension twin-
ning.

3. 'The C15 phase is intrinsically harder to deform plastically
but both the C15 and C36 phase are much harder than the
Mg matrix and therefore provide appreciable strengthening
to composite micropillars.

4. The amount of strengthening is consistent with expectations
for composite models. It depends in particular on volume
fraction and whether the intermetallic spans the length of
the micropillar (hard case / near iso-strain conditions) or

not (soft case / near iso-stress condition).

Sample preparation and microscopy

The raw materials were molten in a steel crucible inside a vac-
uum induction furnace under a protective atmosphere of Ar.
The melt was solidified and cooled in a Cu mould inside the
furnace under protective atmosphere. The chemical composition
of the as-cast alloy was measured using wet chemical analysis
to be Mg-4.65A1-2.82Ca alloy. To increase the size of the inter-
metallic struts, a heat treatment of the as-cast alloy was carried
out at 500 °C for 48 h in Ar atmosphere followed by cooling in
air. This resulted not only in the coarsening of the intermetallic
structure but also in the transformation from the C36 to the C15
phase. We refer to these two states as the as-cast and annealed
conditions.
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TABLE1: Material parameters for

the constitutive model. Crystal plasticity model b (m) Vo (ms™) QW ze(Pa) P q
Basal 320 x 10710 1.0 x 1072 7.0 x 10720 2.0 x 107 1.0 10
Prismatic 3.20 x 10710 1.0 x 1072 7.0 x 10720 6.8 x 107 1.0 10
Pyramidal 6.11 x 10710 1.0 x 1073 7.0 x 10720 1.4 x 108 1.0 10

Two specimens for microstructure analysis and micropillar
milling were cut using electric discharge erosion from the as-
cast block, one of which was subjected to the heat treatment. The
samples were ground using 2000 and 4000 SiC emery papers,
followed by mechanical polishing using 3 and 1 um diamond
suspension. To remove the deformation layer, the samples were
subjected to electro-polishing using Struers AC-II electrolyte.
The samples were etched for 60 s at~— 20 °C and 15 V. The elec-
tro-polished surface was then subjected to mechanical polishing
using Struers OPU (colloidal suspension of SiO, nano particles)
for ~ 60 s to remove the waviness arising from electro-polishing
of the dual phase material.

SE imaging in scanning electron microscopes (SEM, FEI
Helios 600i and Zeiss LEO1530) was used to analyse the micro-
structures. EBSD was used to measure the crystallographic
orientations of the a-Mg matrix. Due to the small size of the
intermetallic Laves phase in the as-cast alloy, it was not possible
to measure the orientation of the Laves phase. An accelerating
voltage of 5-10 kV was used for SE imaging while EBSD was
done at 20 kV.

TKD was done on the cross-sections of a selected micropil-
lar (see Fig. 4). For this purpose, the pillars’ cross-sections were
lifted out of the original sample and were placed on a TEM grid.
They were thinned down to a thickness of ~ 300 nm using FIB
with currents ranging from 230 to 80 pA. A current of 80pA, was
used for the final polishing steps. TKD was performed on the
cross-sections with a step size of 50-60 nm at 30 kV and 5.5 nA.
All EBSD data was analysed using OIM Analysis 7.3.1 (EDAX).

Microcompression

Micropillars of ~ 1.6-2 pm diameter and ~ 3.5-4.5 um height
were milled in matrix grains with different orientations, where
the inclination of the c-axis to the compression direction was
varied from 0 to 90°, using FIB milling. Stress and strain cal-
culations were performed using the actual dimensions of the
pillars determined from SEM images. The top diameter of the
pillars was used for stress calculation. The cylindrical pillars
were milled using concentric circles with a decreasing ion beam
current from 9.3 nA to 80 pA at an accelerating voltage of 30 kV.
The pillar taper angle was less than 2° for most pillars.

The micropillars were compressed in two different load-con-
trolled nanoindenters (iNano and InSEM III; Nanomechanics
Inc., USA) at a loading rate of 0.05 mN/s and using a flat punch

©The Author(s) 2023

diamond indenter with a diameter of 10 um. The Sneddon cor-
rection was applied to the depth data to minimise the effect of
elastic deformation of substrate and indenter as discussed in
[62]. The tests were stopped after a significant strain burst was
observed in the load-depth curve. The slip systems were ana-
lysed using the code and method already presented in [44], after
adjustment for the hexagonal Mg phase. The micropillars before
and after deformation were imaged from at least three different
directions at a tilt angle of 45°.

Crystal plasticity modelling
A full-field dislocation density-based crystal plasticity model

was employed to reveal more insights into the co-plastic defor-
mation mechanisms and micromechanics of the micropillar
with different geometric alignment of intermetallic phases. The
model is briefly outlined in the following. For details readers are
referred to references [63-66].

The total deformation gradient F is decomposed into an
elastic part Fe and a plastic part Fp, as F = FcF;,. The evolution
of F, is related to the plastic velocity gradient L, according to
the flowing rule F, = L, F,,. L;, is given by the superposition of
shear on all slip systems, as.

Ng
L — * .o o o
p= oy V§ m§ ®nf

where y;* describes the shear rate on slip system o, and m¢ and
n{ indicate the slip direction and the slip plane normal of the
N; slip systems. The shear rate of mobile dislocations on a slip

system can be calculated based on the Orowan equation as:

. Q s \ "\
y = pmbvo exp —kB—T 1— T sign(7),

where pp, is the mobile dislocation density, b is the magnitude of
the Burgers vector, and vy is the reference dislocation glide veloc-
ity, Q, is the activation energy for dislocation glide to overcome
the obstacles, kg is the Boltzmann constant, T' is temperature, tp
is the Peierls stress, and p and g are fitting parameters. g is the
effective resolved shear stress as the driving force for disloca-
tion slip, and is calculated as the resolved stress reduced by the
passing stress.

Two 3D geometrical models with different geometric align-
ment of intermetallic phases were created (Fig. 7). The Euler
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angle of the matrix was (0, — 55, 0) and (0, — 24, 0), respectively,
for the micropillar in Fig. 7(a) and (f). In the current work,
basal <a > ({0001} <1120>), prismatic <a > ({1010} <1120>), and
pyramidal < c+a> ({1122} <1123>) slip systems are considered to
accommodate the plastic deformation. Monotonic compression
loading was applied to the model, at a strain rate of 0.001 s™". The
material parameters used are listed in Table 1. It is worth noting
that the plastic deformation of the Laves phase was also consid-
ered in the current work, where the threshold stress for activating
the dislocation (zp) in Laves phase was set to be 1GPa. The other

material parameters are the same as those with Mg matrix.
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