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Structure and transition of eutectic (Mg,Al)2Ca Laves phase in a
die-cast Mg–Al–Ca base alloy
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Abstract

The crystal structure of a eutectic (Mg,Al)2Ca Laves phase in as-cast AXJ530 (Mg–5Al–3Ca–0.15Sr) was identified as C36 by

electron diffraction analysis. The C36 phase transformed to C15(Al2Ca) during annealing at 573 K. The orientation relationship

for the C15 and C36 phases is reported.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

There is a growing effort to develop high temperature

structural magnesium alloys for weight reduction in

automotive components to achieve high fuel efficiency.

The improvement of creep resistance without raising

material cost is a key issue for alloy development. Re-

cently, the addition of Ca, which is a lower cost and
weight element than rare-earth elements, to Mg–Al

base alloys has been found to be effective in improv-

ing high temperature strength in Mg–(3–9)wt%Al

[1], AZ81(Mg–8wt%Al–1wt%Zn) [2] and AM50(Mg–

5wt%Al–0.3wt%Mn) [3]. Further addition of a small

amount of Sr (AXJ alloys) is also reported to improve

creep resistance with properties equal or superior to that

of AE42 [4,5].
Die-cast magnesium alloys usually consist of dend-

ritic a-Mg grains with intermetallic phase(s) in the inter-

dendritic region. The high-temperature deformation of
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Mg–Al based alloys is considered to be controlled by

dislocation motion in a-Mg grains at higher stress and

grain boundary sliding at lower stress [4,6]. Moreno

et al. [7] pointed out that grain boundary strengthening

and stability, as well as solid solution and precipitation

strengthening in a-Mg grains, are the important factors

for optimization of the high temperature strength of

fine-grained die-cast alloys. Since these magnesium al-
loys are to be used in the as-cast form in automotive

components, microstructure evolution is unavoidable

during elevated temperature service, especially near

grain boundaries where higher alloying element concen-

tration arises during solidification.

In Mg–Al–Ca based alloys, Mg2Ca and/or Al2Ca

phases are known to form in the interdendritic region

in preference to the Mg17Al12 phase observed in the bin-
ary system [6]. Mg2Ca and Al2Ca are Laves phases with

crystal structures of C14(hexagonal) and C15(cubic),

respectively. There have been several investigations of

the phases present in near-grain boundary regions, but

there is presently no consensus. Ninomiya et al. [1]

examined Mg–(3–9)wt%Al–(1–5)wt%Ca alloys by

X-ray diffraction and reported that both Mg2Ca and

Al2Ca phases exist in alloys where the Ca/Al mass ratio
sevier Ltd. All rights reserved.
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is more than 0.8 and that only the Al2Ca phase exists in

alloys with Ca/A1 < 0.8 in both the as-cast state and at

673 K. On the other hand, Luo et al. [4] examined

AC53(Mg–4.5%Al–3%Ca) alloy which has Ca/Al ratio

of 0.67 by TEM, and found that the eutectic region

among a-Mg grains consisted of a-Mg and a ternary
compound of (Mg,Al)2Ca with hexagonal structure.

Ozturk et al. [8] also examined the same AC53 alloy

by X-ray diffraction and suggested that the eutectic com-

pound is (Mg,Al)2Ca with C14 structure in the as-cast

state but it changes into Al2Ca(C15) after aging at

643 K. In addition, Ameroun et al. [9] recently pointed

out the existence of another Laves phase with C36 struc-

ture in the pseudo-binary system between Mg2Ca and
Al2Ca by X-ray diffraction and first-principles calcula-

tions. Ternary phase equilibria have been studied by

both experiment [10] and thermodynamic calculations

[8,11,12]. However, it is important to understand what

phases exist in the non-equilibrium as-cast state and

how phases evolve at elevated temperatures.

In this study, a modified Mg–Al–Ca alloy with a

small amount of Sr (AXJ530) has been investigated,
focusing on the crystal structure of the intermetallic

compounds in the eutectic regions surrounding the

a-Mg grains. Intermetallic phases present in the as-cast

material and their stability at elevated temperature have

been examined in detail by transmission electron micros-

copy (TEM).
Fig. 1. TEM BFI of as-cast sample ðB ¼ 2�1�10Þ.
2. Experimental procedures

The AXJ530 alloy used in this study was supplied by

General Motors and had a composition of Mg–4.52Al–

2.98Ca–0.14Sr–0.25Mn(wt%). To fabricate this alloy,

commercial AM50 alloy was used as a base and pure

Ca and an Al–10wt%Sr alloy were added to achieve

the desired composition. The alloy was melted at
950 K, and after high speed stirring for 3.6 ks, cold-

chamber die-casting with a die temperature at 400 K

was utilized to produce cylindrical shaped samples

6 mm in diameter and 25 mm in length.

A portion of the as-cast specimen was aged at 573 K

for 360 ks, followed by a water quench. An aging treat-

ment was conducted by sealing the sample in a quartz

capsule that was argon back-filled after evacuation.
After holding the capsule in the furnace, the sample

was quenched into water quickly by breaking the

capsule.

The as-cast and aged samples were examined by

TEM. TEM discs 0.12 mm in thickness and 3 mm in

diameter were cut from near the center of the die-cast

specimen and mechanically polished, followed by twin-

jet electron polishing in a solution of methanol with
8 vol.% perchloric acid at 243 K. Subsequently, low-

angle ion milling was employed to remove the surface
oxide layer introduced during jet polishing. A Phillips

CM12 microscope was used in this study.
3. Results

3.1. Crystal structure of the eutectic compound

Fig. 1 shows TEM bright field image (BFI) of as-cast

AXJ530. The typical microstructure contained equiaxed

grains with a grain size of 5–20 lm. A eutectic micro-

structure was observed at the periphery of the a-Mg

grains, especially at the triple points. The extent of the

eutectic region was several lm, and the width of the
individual eutectic phases was about 150 nm. The phases

with bright and dark contrast correspond to a-Mg and

the intermetallic compound, respectively.

Detailed electron diffraction analysis of the eutectic

phases has been conducted. Fig. 2 shows BFIs and cor-

responding selected area diffraction patterns (SADPs)

taken from the eutectic regions. Fig. 2(b) is the SADP

taken from the region shown in (a), and Fig. 2(c) is ob-
tained in the same region after rotating the sample by

30� with fixed reciprocal lattice vector g1. Fig. 2(e) and

(f) are taken from the region shown in (d), and (f) was

obtained by about 25� rotation from (e) with fixed g2.

The diffraction pattern (e) has an equilateral-hexagonal

arrangement of reflections. In addition, g2 is the com-

mon reciprocal lattice vector in (c) and (e). These facts

indicate that the eutectic compound has a hexagonal
base structure, and the incident beam directions of (b),

(c) and (e) are 10�10; 2�1�10 and 0001, respectively.

Note that strong streaks are observed in (b) and (c)

along g1. All of the obtained diffraction patterns were

consistent with those of dihexagonal C36 structure.

The reflections marked with white arrowheads in (c)

and (f) are extra with respect to the C14 structure. In

particular, the existence of reflections between 0000
and 0002 in (c) indicates that the unit cell of the C36

is twice that of the C14 structure along the c-axis,



Fig. 2. TEM BFIs and SADPs taken from the eutectic regions: (a) BFI ðB ¼ 10�10Þ and corresponding SADPs of (b) B ¼ 10�10, (c) B ¼ 2�1�10, (d)

BFI (B = 0001) and corresponding SADPs of (e) B = 0001, (f) B ¼ 2�1�13.

Fig. 3. TEM image of the eutectic region ðB ¼ 2�1�10Þ.
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although the atom arrangement on the close-packed

plane is the same as C14. Since all reflections of C36

structure are common with those of C14 structure, it is

possible that some C14 phase could coexist with the
C36 in the eutectic region. However, detailed examina-

tion of the eutectic region with B ¼ 2�1�10 reveals no

phase boundaries inside the compound and uniform lat-

tice fringes perpendicular to [0001] with about 20 Å

spacing (as shown in Fig. 3). Considering the larger unit

cell of the C36 structure, these facts suggest the absence

of C14 phase. Between the eutectic C36 and a-Mg

phases, some crystallographic orientation relationships
were observed, but there was no regularity within the

various regions examined.

Fig. 4 shows a schematic illustration of the crystal

structure of C36. Laves phases (C14, C15, C36) consist

of the same type of close-packed planes with different

stacking sequence [13–16]. There are three types of

close-packed planes as shown in Fig. 4(a); the Kag-

ome-net plane consisting of small atoms (Mg or Al) is
labeled with A, and two triangular-net planes consisting

of either large atoms (Ca) or small atoms are labeled

with a and b, respectively. Since the atom positions on
Fig. 4. Crystal structure of C36: (a) three types of close-packed plane: Kagom

and Mg (or Al) (a, b, c), (b) atom arrangement on ð2�1�10Þ showing the st

correspond to Mg (or Al) and Ca, respectively. The unit cell of C36 is indic
a fit into the holes of A, a and A planes always unite to-

gether and form a triple layer of aAa. The stacking se-

quence of close-packed planes is shown in Fig. 4(b) as

an atom arrangement on ð2�1�10Þ. Displacement of

aAa by a=3h01�10i makes additional triple layers, desig-

nated as bBb and cCc. The triangular-net planes of a, b,

c are interleaved to fill between upper and lower triple
layers. The C36 structure is described by a stacking
e-net Mg (or Al) plane (A, B, C), triangular-net planes of Ca (a, b, c)
acking sequence of the closed-packed planes. White and black atoms

ated by thick lines.



Fig. 5. TEM BFI of the sample aged at 573 K/360 ks ðB ¼ 4�2�23Þ.
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sequence of close-packed planes as [aAa]c[bBb]-
c[aAa]b[cCc]b. Similarly, C14 and C15 are [aAa]c[bBb]c
and [aAa]c[bBb]a[cCc]b, respectively. By regarding a

triple layer and an interleaved triangular-net plane (a,

b or c) as a quadruple layer, the three Laves phases

are described as follows: XYX 0Z (C36), XY (C14),
XYZ (C15). In this notation, C14 and C15 are hcp

and fcc based structures with hexagonality of 100%

and 0%, respectively. Since the hexagonality of C36 is

50%, the C36 structure is an intermediate structure be-

tween C14 and C15. C36 structures are often observed

in alloys containing Cr2M (M: Nb, Ta, Ti, Zr, Hf) Laves

phases [15–20]. They have both C14 and C15 structures

at high and low temperatures, respectively, with the C36
structure observed during transformation from C14 to

C15 as an intermediate state. Therefore, it is interesting

to examine the stability of the C36 phase observed in as-

cast AXJ530.

3.2. Stability of the C36 phase

The thermal stability of the C36 phase was examined
by applying an aging treatment at 573 K for 360 ks to

the as-cast sample. Fig. 5 shows the typical microstruc-

ture near grain boundaries following aging. The eutectic

intermetallic phase is no longer plate-like and has

evolved to be blocky in morphology. However, the orig-

inal eutectic regions that contained the intermetallic

phase still remained surrounding the a-Mg grains and

did not break up. Note that fine disc-shaped precipitates
are observed in a grains, as indicated by arrowheads.

Detailed analysis will be reported elsewhere.

Fig. 6 shows TEM BFIs and SADPs taken in the

eutectic region. Fig. 6(a) was taken with B ¼ 2�1�10C36.

The eutectic compound exhibits planar interfaces along

(0001). In the diffraction pattern, extra reflections are

found to exist, as schematically shown in Fig. 6(c) with

open circles. They are consistent with the reflections of
Fig. 6. TEM BFIs and SADPs of the sample aged at 573 K/360 ks ðB ¼ 2

illustrations of SADPs in (a) and (b), respectively.
C15 structure with B = 011C15. Since the reflections of

0004C36 and �11�1C15 coincide, the two phases have the

following crystallographic orientation relationship:

ð0001ÞC36kð�11�1ÞC15; ½2�1�10	C36k½011	C15:

Detailed observation of the structure within the inter-

metallic phase reveals the existence of planer faults with

several nm intervals on close-packed planes, as shown in

Fig. 6(b). The SADP indicates the existence of

Æ112æ{111} type twin crystals of C15 within C36, as
schematically shown in Fig. 6(d). Both twin crystals sat-

isfy the above orientation relationship.

3.3. Phase transition of the eutectic Laves phase

These above results indicate that the C36 phase is

metastable at 573 K and that a phase transition to

C15 phase takes place during aging. However, why the
C36 phase exists in the as-cast state is still in question,

and there are two possibilities; one is that the C36 phase

is transformed from the original eutectic C14 phase dur-

ing cooling in the casting process, and the other is that

the C36 phase is directly formed by the eutectic transfor-
�1�10Þ: (a) eutectic region; (b) fine twins in (a); (c) and (d) schematic



Table 1

Lattice parameters of Laves phases in as-cast and aged samples, together with the values of stoichiometric phases [21]

As-cast 573 K/360 ks Stoichiometry [21]

C36 C36 C15 Mg2Ca (C14) Al2Ca (C15)

a/Å 5.96 5.84 8.21 6.22 8.022

c/Å 19.79 18.97 – 10.10 –

c/a 3.32 3.25 – 1.62 –

da/Å 5.96 5.84 5.81 6.22 5.67

dc/Å 4.95 4.74 4.74 5.05 4.63

da and dc correspond to the nearest-neighboring atom spacing on the triangular-net planes and the spacing between the quadruple layers, respectively

(Fig. 4).
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mation. Further research on Mg–Al–Ca ternary equili-

bria is necessary to determine the transformation

path.
4. Discussion

Table 1 shows lattice parameters of Laves phases in
as-cast and aged samples, together with those of stoichi-

ometric Mg2Ca and Al2Ca [21]. In order to directly com-

pare the lattice parameters, all values are converted to

the nearest-neighboring atom spacing on the triangu-

lar-net planes, da, and the spacing between the quadru-

ple layers, dc, as indicated in Fig. 4. The values of da
and dc of the stoichiometric Mg2Ca are da = 6.22 Å

and dc = 5.05 Å, and they are larger than those of Al2Ca
(da = 5.67 Å, dc = 4.63 Å), because the atomic radius of

Mg (1.60 Å) is larger than that of Al (1.43 Å) [22]. The

values of the Laves phases observed in this study fall be-

tween those of stoichiometric Mg2Ca and Al2Ca. In

addition, both da and dc are decreased by aging. These

facts indicate that the composition of the eutectic com-

pound is close to Mg2Ca in as-cast state and shifts to-

ward Al2Ca during aging. Therefore, this phase
transition should be caused by the composition change,

especially a change in Mg:Al ratio. In the Mg–Ca binary

system, the L! a-Mg + Mg2Ca eutectic temperature is

719 K [23]. At this temperature, the solubility limit of Al

in a-Mg is about 12 wt% in the Mg–Al binary system,

and decreases to about 6.5 wt% at 573 K [24]. The sol-

ubility of Ca is very low, at 0.7 wt% at the most [23].

Thus, in the eutectic region, a-Mg should contain excess
Al, and the rejection of excess Al by diffusion during

cooling and aging would induce the phase transition of

the (Mg,Al)2Ca phase.

As already shown in Fig. 4, the difference in the crys-

tal structures of Laves phases involves only the stacking

sequence of close-packed planes. Therefore, it has been

shown that the transition from C36 to C15 is geometri-

cally possible by a shear mechanism that involves syn-
croshockley dislocations [14,15]. The strong streak in

the SADP of C36 in as-cast state (Fig. 2(b) and (c))

and formation of C15 accompanied with fine twins in
C36 (Fig. 6(b)) support this mechanism of transforma-

tion. Thus, the transformation induced by diffusional

redistribution of Mg and Al does not require separate

nucleation of the product phase, and proceeds within

the interior of the individual intermetallic phase region,

although the order of the transformation and the kinet-

ics remain in question. In Mg–Al base alloys without

Ca, formation of the Mg17Al12 phase by discontinuous
precipitation or decomposition of another intermetallic

phase at elevated temperatures causes the instability of

near-grain boundary microstructure, that is reported

to result in the deterioration of creep properties [7,25].

On the other hand, in the present study, as shown in

Fig. 5, major morphological change does not occur in

the near-grain boundary microstructure, even though

the phase constitution has changed. This advantage
can apparently be attributed to the utilization of

(Mg,Al)2Ca Laves phases. Further improvement of

these alloys might be possible through more detailed

understanding of these Laves phases, ternary equilibria

and the effect of small additions of Sr.
5. Conclusion

� The crystal structure of the eutectic compound

(Mg,Al)2Ca has been identified as dihexagonal C36

structure in as-cast AXJ530.

� The C36 phase transforms to C15(Al2Ca) phase dur-

ing aging at 573 K with the following crystallogra-

phic orientation relationship: ð0001ÞC36kð�11�1ÞC15;
½2�1�10	C36k½011	C15.

� The change in phase constitution does not result in

any major morphological instabilities of the near-

grain boundary microstructure.
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