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Abstract Mg-6wt%Al-1wt%Zn-0.3wt%Mn alloy powder composite precursors with CaO additive particles
were prepared by using an equal channel angular bulk mechanical alloying process. The precursors were
annealed at 400-500 °C to synthesize fine Al,Ca second phases by a solid-state reaction between a Mg-Al
matrix and CaO additives. X-ray diffraction revealed that CaO additives were thermally decomposed and solid-
soluted Ca atoms diffused into the a-Mg matrix in the Mg-Al-CaO precursors with both 2.5 and 10.0-vol%
CaO particles after the heat treatment. Their solid-solution and diffusion were accelerated by heating
temperature, heating time, and CaO content. X-ray diffraction, scanning electron microscopy-energy-dispersive
spectroscopy and electron probe micro-analysis clarified that the Ca atoms in a-Mg solid solution were
immediately saturated in the precursors with 10.0-vol% CaO particles due to the large amount of Ca atoms
supplied from CaO. As a result, Al,Ca formation occurred after a short heat treatment.Al,Ca were transformed
into (Mg,Al),Ca after a long heat treatment at 500 °C. In the case of the precursors with 2.5-vol% CaO particles,
the solid-soluted Ca atoms slowly increased. As a result, Al,Ca intermetallic precipitates were formed after a
long heat treatment at 450 °C or more.
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1. Introduction

Magnesium alloys are effective for weight reduction in automotive structural components due to the low density
of Mg ~1.74g/cm?, where their use is expected to help increase fuel efficiency [1-4]. It is necessary to improve
the heat resistance of Mg alloys without raising the material cost for their widespread use in automotive power
train components such as engine blocks and transmission cases used at elevated temperatures (120-200 °C) [4-
6]. Previous studies have reported that the addition of calcium to Mg-Al cast alloys had an important benefit in
improving the creep resistance at the above temperature range [7-9]. This is because network-structural
intermetallic compounds such as Al,Ca or (Mg,Al),Ca were formed around the a-Mg grain boundaries. On the
other hand, these network-structural compounds potentially cause grain boundary fractures. Fine dispersed
particles of intermetallic compounds are more effective at suppressing grain boundary fractures and improving
the yield stress of Mg alloys via pinning effects.

In the present study, CaO particles are employed as raw materials to disperse fine Al,Ca particles in an a-Mg
matrix via a solid-state reaction between CaO particles and the Mg-Al alloy. Conventional Mg-Al alloys
reinforced with fine Al,Ca particles are expected to demonstrate excellent creep resistance and yield stress.
They are also expected to be low cost materials because of the use of inexpensive CaO particles as raw
materials. However, from a thermodynamic point of view, the Ellingham diagram of the oxide formation [10]
indicates that CaO reduction by Mg never occurs in the solid state (up to 650 °C). Therefore, the CaO raw
particles should remain in the cast Mg material. On the other hand, our previous study [11] reported that CaO
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reduction with Al,Ca and MgO formation occurred in Mg-6wt%Al-1wt%Zn-0.3wt%Mn (AZ61B) instead of
pure Mg because the change in the standard free energy became negative. Another study [12] revealed that, in
the AZ61B composite precursor with 10.0-vol% CaO particles, Ca atoms originating from CaO were solid-
soluted in the a-Mg matrix and diffused along the a-Mg grain boundaries. Al atoms solid-soluted in the a-Mg
matrix also diffused to the grain boundaries by attracted to the Ca atoms because of a strong combination of Al
and Ca elements. As a result, needle-like (Mg,Al),Ca intermetallics were formed as intermediate precipitates
during the initial stage of the heat treatment. Finally, they were transformed into the spherical Al,Ca compounds
by the substitution of Al atoms for Mg atoms in (Mg,Al),Ca after a long heat treatment, as shown in Figure 1
[11,12].
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Fig. 1 SEM mlcrographs ofthe MgAI -CaO precursors with 10.0-vol % CaO particles after the heat treatment at 500 °C for 300 s (a) and 3.6 ks (b).
Nevertheless, the reactivity of the Al,Ca solid-state synthesis is not completely clear. The above reaction
mechanism suggests that Al,Ca formation occur in the all Mg—Al-CaO precursors regardless of CaO content
because all of the CaO particles contact the Mg-Al alloy matrix. By contrast, according to the experimental
result shown in Fig. 2 [11], the Al,Ca synthesis was promoted by the increase of CaO additive particles. In
particular, no Al,Ca was detected in the Mg—AI-CaO precursor with 2.5-vol% CaO particles below 500 °C.
This reason cannot be well-explained only by the CaO reduction behavior.
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Fig.2 XRD profiles of the Mg-Al-CaO precursors in as-ECABMA state and after the heat treatment. The content of the CaO
additives was 2.5-vol.% (a) and 10.0-vol% (b).

In this study, the formation mechanism of Al-Ca or Al-Ca-Mg intermetallic compounds via a solid-state reaction
of CaO additives dispersed in an AZ61B powder composite precursor during the heat treatment was investigated
in detail by scanning electron microscopy (SEM), electron probe micro-analysis (EPMA), and X-ray diffraction
(XRD) analysis. The effect of the heating condition on the microstructures and these intermetallics synthesis
was clarified by XRD, SEM-energy-dispersive spectrometry (EDS) analysis. Phase identification was carried
out through compositional analysis by EPMA. Finally, the thermally stable phases were investigated using an
isothermal section of the Al-Mg—Ca ternary phase diagram.
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2. Materials and Methods

2.1. Preparation of AZ61B precursors containing CaO particles

AZ61B chips machined from their original cast ingot (Al; 6.41, Zn; 1.02, Mn; 0.28, Si; 0.02, Fe; 0.004, Cu;
0.002, Ni; 0.0007, Mg; Bal./mass%) were employed as raw materials. They had a mean particle size of 1.38 mm
as measured by a particle size analyzer (HORIBA, LA-950). CaO particles for use as additives, having a mean
particle size of 2.3 um, were prepared from CaO blocks with a purity of 98% or more via mechanical
fragmentation using a ball milling process. The elemental mixtures of the AZ61B chips and CaO particles were
mixed by rocking mill equipment (SeiwaGiken Co., RM-05S) and used as the starting materials. The content of
the CaO additives was 2.5 and10.0-vol%. The AZ61B green compacts containing CaO particles were subjected
to severe plastic working by an equal-channel angular bulk mechanical alloying (ECABMA) process [13],
where cold compaction and extrusion within a channel bent were alternately carried out in the die, as illustrated
in Fig. 3. The maximum compaction pressure was 611MPa. The ECABMA process was repeated 50 times in
total resulting in the homogeneous dispersion of the CaO additive particles in the AZ61B alloy chip matrix. This
process was also effective for the mechanical breakage of the MgO surface oxide films of the AZ61B chips and
resulted in the formation of newly created Mg active surfaces of the chips that directly came into contact with
the CaO particles. The green compact billet (Mg-Al-CaO precursor) prepared by the above process had a 35-
mm diameter and an 80-mm length.
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Fig.3 Schematic illustration of one cycle of equal channel angular bulk mechanical alloying (ECABMA) process used in fabrication of Mg alloy powder
precursor containing CaO particles [11,12] .

2.2. Heat treatment of AZ61B composite precursor with CaO particles

The precursor was heat treated at 400, 450 and 500°C in an argon gas atmosphere in order to investigate the
reaction behavior between the AZ61B matrix and the CaO particles. The heating time was 300s, 14.4ks and
86.4ks.

2.3. Microstructural analysis

X-ray diffraction analysis (Shimadzu, XRD-6100) was used to clarify the crystal structure of the a-Mg matrix
and identify the synthesized precipitate. The chemical composition of the precipitate distributed in the matrix of
the precursor was investigated by an electron probe micro-analyzer (JEOL, JXA-8530F). A field emission
scanning electron microscope (JEOL, JSM-6500F) equipped with an energy-dispersive X-ray spectrometer
(JEOL, EX-64175 JMU) was used to investigate the microstructures of the heat treated precursors.

3. Results and Discussion
3.1. Microstructural analysis after heat treatment
Microstructural changes of the Mg—AIl-CaO precursors with 2.5 and 10.0-vol% CaO particles were investigated

by applying a heat treatment for 86.4 ks. The heating temperatures were 400, 450 and 500°C. Fig. 4 shows XRD
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patterns of the Mg—AI-CaO precursors after the heat treatment. In the case of the Mg—AI-CaO precursors with
10.0-vol% CaO particles, unknown peaks of a precipitate different from Al,Ca were detected after the heat
treatment at 500 °C. According to Fig.2 (d), Al,Ca precipitates were formed in the same precursor after the heat
treatment at 500 °C for 14.4 ks. This indicates that thermally stable phases changed by a long heat treatment. On
the other hand, the Al,Ca phase was detected after the heat treatment at 400 and 450 °C. In the case of the

precursors with 2.5-vol% CaO particles, Al,Ca formation also occurred by the heat treatment at 450 and 500°C.
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Fig.4 XRD profiles ofthe Mg-Al-CaO precursors after the heat treatment at 400, 450 and 500 °C for 86.4 ks.
The content ofthe CaO additives was 2.5-vol.% (a) and 10.0-vol% (b).
Figure 5 shows SEM-EDS analysis result of the Mg—AIl-CaO precursor with 2.5-vol% CaO particles after the
heat treatment at 450 °C for 86.4 ks. Fine and spherical Al,Ca precipitates and CaO particles were dispersed in
the o-Mg matrix. This means that not all CaO particles were decomposed in this heat treatment condition. In
conclusion, Al,Ca formation can occur in the Mg-Al-CaO precursors with both 2.5 and 10.0-vol% CaO
particles. However, the progress of the Al,Ca synthesis was promoted by increasing heating temperatures,
heating time and CaO content as seen in Fig. 2 and Fig. 4. This is possibly because a higher number of Ca atoms

were dissolved and diffused in a-Mg matrix.
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Fig.5 SEM-EDS mapping analysis result of the Mg-Al-CaO precursor with 2.5-vol% CaO particles after the heat treatment at
450 °C for86.4 ks.
3.2. a-Mg crystal structure change by solid-solution
The crystal structural analysis of the a-Mg phase in the Mg—AIl-CaO precursors was carried out in order to
investigate the solid-solution behavior of Al and Ca atoms in the a-Mg matrix during the heat treatment. Figure
6 shows XRD analysis on the Mg—AIl-CaO precursors with 2.5 and 10.0-vol% CaO particles in the as-processed
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state (before heat treatment) and after the heat treatment at 500 °C. The heating time was 300 s, 14.4 ks and 86.4
ks.
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Fig.6 XRD profiles of the Mg-Al-CaO precursors in as-processed state and after the heat treatment at 500 °C for 300s, 14.4ks and 86.4ks.
The content of the CaO additives was 2.5-vol.% (a) and 10.0-vol% (b).

In the case of the precursors with 2.5-vol% CaO particles, the XRD peak of the a-Mg phase in the as-processed
state shifted to a higher angle compared to the original peak illustrated by the dotted line (26=47.83°). The
previous study [12] reported that, in the as-processed precursor, Al atoms existed in the B-phase (Mgi;Aly,),
AlgMn and a supersaturated solid-solution state in the a-Mg matrix. The above peak shift was caused by the
solid-soluted Al atoms. Solid-soluted Al atoms created a smaller lattice spacing in a-Mg because the atomic
radius of Al (1.43 A) is smaller than that of Mg (1.60 A) [14]. The same peak after the heat treatment at 500 °C
for 300 s shifted to a much higher angle. The Mg-Al binary phase diagram [15] suggests that B-phases
(Mgs-Al;,) were resolved at over 380°C in the case of the AZ61B alloy (Mg-6.41wt%Al). Therefore, the solid-
soluted Al atoms originated from B-phase (Mg;7Al;,) resulted in this peak shift to a higher angle. On the other
hand, the same peak after the heat treatment for 14.4 ks shifted to a slightly lower angle compared to that after
the heat treatment for 300 s. This indicates that a few Ca atoms originated from CaO were solid-soluted in the a-
Mg matrix. Solid-soluted Ca atoms created a larger lattice spacing ina-Mg because of the larger atomic radius of
Ca (1.97 A) compared to that of Mg (1.60 A) [16]. After the heat treatment for 86.4 ks, the peak shifted to a
further lower angle because of both the increase in the number of solid-soluted Ca atoms by the progress of CaO
decomposition and the decrease in the number of solid-soluted Al atoms by Al,Ca formation as shown in Figure
4(a). According to these results, in the Mg-Al-CaO precursors with 2.5-vol% CaO particles, the low
distribution density of CaO contributed to the small amount of solid-soluted Ca atoms supplied from CaO. As a
result, Ca atoms below the solid solubility limit were solid-soluted in the a-Mg matrix, and no Al,Ca were
formed during the heat treatment for a duration of 14.4 ks or less as shown in Fig. 2 (a). Solid-soluted Ca atoms
gradually increased with heating time, and resulted in Al,Ca formation after a long heat treatment as shown in
Fig.4 (a).In the case of the Mg—AIl-CaO precursors with 10.0-vol% CaO particles, the XRD peak of the a-Mg
phase in the as-processed state also shifted to a higher angle due to the solid-soluted Al atoms. After the heat
treatment for 300 s, 14.4 ks and 86.4 ks, the peak shifted to a lower angle compared to the original peak. The
angles of these peaks were constant regardless of the heating time. This indicates that the amounts of Al and Ca
atoms solid-soluted in the a-Mg matrix were also constant during the heat treatment. This also suggests that,
after just a short heat treatment time, such as 300 s, almost all solid-soluted Al atoms contributed to synthesis of
Al-Ca or Al-Ca-Mg precipitates, and Ca atoms solid-soluted in the a-Mg matrix were already saturated. This is
because the high distribution density of CaO contributed to the large number of solid-soluted Ca atoms supplied
from CaO. As a result, the precipitates containing Ca atoms were immediately formed in the initial stage of the
heat treatment as shown in Fig. 1. After the initial stage, CaO decomposition contributed not to increasing the
amount of solid-soluted Ca atoms but to further precipitation. Therefore, it is estimated that the Ca composition
of the precipitates increased and they transformed into other unknown compounds (4 after the heat treatment at
500 °C for 86.4 ks as shown in Fig. 4 (b). In conclusion, the progress of the Al,Ca synthesis depended on the
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amount of Ca atoms supplied from CaO decomposition into the a-Mg matrix. Therefore, it was promoted by
increasing heating temperatures, heating time and CaO content as shown in Fig. 2 and Fig. 4.

3.3. Phase identification by compositional analysis

As shown in Fig. 4 (b), an unknown precipitate different from Al,Ca was detected after the heat treatment at 500
°C for 86.4 ks in the Mg—Al-CaO precursors with 10.0-vol% CaO particles. It was difficult to identify by using
X-ray diffraction. In this section, phase identification of the unknown precipitates shown in Fig. 4 (b) was
carried out. Fig. 7 shows SEM observation on Mg—AI-CaO precursor with 10.0vol% CaO particles after heat
treatment at 500 °C for 86.4 ks. Bar-like precipitates more than 10 pm length and spherical ones with about 1
pum diameter were observed in a-Mg matrix.

15.0kV X10,000 WD 11.1mm

Fig.7 SEM micrographs of the Mg-Al-CaO precursor with 10.0-vol.% CaO particles after the heat treatment at 500 °C for 86.4 ks.

Fig. 8 shows the EPMA mapping and line analysis results for the same precursor. Fig. 8 (a) indicates that the
unknown precipitates contained elemental Al and Ca. As shown in Fig. 8 (b), the two unknown precipitates (A
and B) each showed different intensities of elemental Mg. This means that their intensities were influenced by
the a-Mg matrix around these precipitates. Thus, the Mg composition of the smaller precipitate (A) was higher
than that of the larger one (B). On the other hand, Mg, Al and Ca intensities of the area C were constant. This
suggests that their intensities were not influenced by the a-Mg matrix. That is, the unknown precipitates

possibly contained Mg element, and resulted in a Al-Ca or Mg-Al-Ca intermetallic compounds.
.- : Mgi'i - 3_ - °

£ 60000
40000
20000

Concentration /!

Distance /pm
(a) Mapping analysis (b) Line analysis

Fig.8 EPMA analysis results of the Mg-Al-CaO precursor with 10.0-vol% CaO particles after the heat treatment at 500 °C for 86.4 ks.
Mapping analysis result (a) and Line analysis result (b).

Figure 9 shows EPMA point analysis results of the precipitates. The measurement point was 11. Mg
composition showed large variations from measurement points because of the influence of the a-Mg matrix as
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mentioned above. The atomic ratio Ca/Al was almost constant as shown in Fig. 9 (a). The mean value was 0.74.
This indicates that all of them had the same composition. In addition, Fig. 9 (b) shows that the (Mg+Al)/Ca
atomic ratio have a strongly correlation with Mg composition. These results suggests that the variation of
(Mg+Al)/Ca atomic ratio was also caused by the detection of the a-Mg matrix. The minimum value of the
(Mg+Al)/Ca atomic ratio was about 2. In conclusion, the Mg composition of the precipitate was about 2 or less.
Table 1 shows Ca/Al and (Mg+Al)/Ca atomic ratio for Al-Ca and Al-Ca-Mg intermetallics reported in the
previous strudies [17-18]. According to Fig. 9 and Table 1, the unknown precipitates were identified as
(Mg,Al),Ca phases. Suzuki et al. [14] reported that the lattice parameters of the (Mg,Al),Ca phases have no
specific value because of the variable compositions. Thus, it was difficult to identify the (Mg,Al),Ca phase by
using X-ray diffraction as shown in Fig. 4(b).

20 7
2 6 - .
4 ©
g 18 CalA=133 | = 5 - -
; £ o
£ 10 - s s
© e & 8 7] . ;
< o5 AL CalAI=0.5 2, ") (Mg+Al)/Ca=2
o 5 (Mg+Al)/Ca=1
=
0.0 T . T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Mg composition (at%) Mg composition (at%)
(a) Ca/Al atomic ratio (b) (Mg+Al)/Ca atomic ratio

Fig.9 EPMA point analysis results of the unknown precipitates in the Mg-Al-CaO precursor with 10.0-vol% CaO
particles after heat treatment at 500 °C for 86.4 ks. Ca/Al atomic ratio (a) and (Mg+Al)/Ca atomic ratio (b).

Table 1 Ca/Al and (Mg+Al/)Ca atomic ratio for Al-Ca or Al-Ca-Mg
intermetallic compounds reported in the previous study [17,18].

Atomic ratio CalAl (Mg+Al)/Ca
Al,Ca 0.25
Al,(Ca,Mg) 0.5 0rless 2 or more
Al,Ca 0.5
(Mg,Al),Ca 0.5 or more 2
AlisCay; 0.93
CasAlMg 1.33 1
Al,Cag 267

3.4. Consideration of thermally stable phases

The consideration of the thermally stable phase in the Mg-Al-CaO precursors at 500 °C was carried out by
using an isothermal section of the Al-Mg-Ca ternary system. Recently, many studies have reported isothermal
sections of the ternary system [17,19-21]. However, the thermally stable phase at each temperature was
inconclusive. Fig. 10 shows one of them reported by D. Kevorkov et al. [17]. Now suppose that the Mg-Al-CaO
precursors were composed of the Al-Mg-Ca ternary alloy matrix and unreacted CaO particles. The matrix in the
as-processed state contained 5.9 at% Al originated from AZ61B alloy chips as raw materials. Ca composition in
the matrix increased with the progress of CaO decomposition as shown in Fig.10 (b).
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Fig.10 Isothermal section of the Al-Mg-Ca phase diagram at 400 °C from the literature [17] (a) and the enlarged view of Mg-rich corner (b).

As a result, Al,Ca intermetallics were formed as thermally stable phases at first. After a longer heat treatment,
Ca composition increased further. In case of Mg-Al-CaO precursors with 2.5-vol% CaO particles, the
maximum composition of Ca element was 2.1 at% as shown in Fig. 10 (b). When all of CaO particles were
decomposed, the alloy composition stayed within the range where the stable phases were a-Mg and Al,Ca.
Therefore, Al,Ca phases were formed as thermally stable phases after heat treatment for 86.4 ks. On the other
hand, no precipitate was detected after heat treatment for 14.4 ks or less because the Ca composition in the
matrix stayed within the solid solubility limit of a-Mg phase. In case of Mg—Al-CaO precursors with 10.0-vol%
CaO particles, the maximum composition of Ca element was 8.3 at%. In addition, the Ca composition of the
matrix increased sooner due to the higher distribution density of CaO, compared to that of the precursors with
2.5-vol% CaO particles. As a result, thermally stable Al,Ca synthesis occurred after a heat treatment of just 14.4
ks. After a longer heat treatment, the Ca composition further increased and the Al,Ca precipitates were
transformed into (Mg,Al),Ca phases as thermally stable phases as shown in Fig. 10 (b).

4. Conclusion

AZ61B powder composite precursors with CaO additive particles prepared via the ECABMA process were heat
treated to synthesize Al,Ca intermetallic precipitates in a solid-state reaction. XRD, SEM-EDS and EPMA were
used to investigate changes in the microstructure of heat-treated precursors. Al,Ca or (Mg,Al),Ca intermetallic
precipitates were formed in Mg-Al alloy after a long heat treatment in both of the Mg—AIl-CaO precursors with
2.5 and 10.0-vol% CaO particles. Their synthesis was promoted by increasing heating temperatures, heating
time and CaO content. This is because higher amount of Ca atoms were solid-soluted and diffused in the a-Mg
matrix. XRD analysis revealed that, in the case of the Mg-Al-CaO precursors with 2.5-vol% CaO particles,
solid-soluted Ca atoms gradually increased with heating time and diffused into the a-Mg grains. As a result, the
Al,Ca synthesis required a long heat treatment at 450 °C or 500 °C. In the case of the precursors with 10.0-vol%
CaO particles, the number of solid-soluted Ca atoms immediately increased. Al,Ca were formed as thermally
stable phases after the heat treatment at first. The thermally stable phases changed into (Mg,Al),Ca
intermetallics after a long heat treatment because the Ca composition in the a-Mg matrix increased by the
progress of CaO decomposition.
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