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EFFECT OF SOLUTION TREATMENT ON MECHANICAL PROPERTIES
OF CAST AZ91-(Ca) ALLOYS

Effects of solution treatment on room temperature mechanical properties were studied in cast AZ91 (Mg-9%Al1-1%Zn-0.2%Mn)
and AZ91-0.5%Ca alloys. In as-cast state, the Ca addition contributed to the suppression of discontinuous f phase precipitation
and the formation of Al,Ca phase. After solution treatment, the AZ91 alloy had only a small amount of AlgMn; particles, while
p and Al,Ca phases were still present in the Ca-containing alloy. In as-cast state, the AZ91-0.5%Ca alloy showed better yield
strength and hardness than the AZ91 alloy. The solution treatment increased the elongation in both alloys, which eventually led
to the increase in ultimate tensile strength. The solution treatment resulted in a marked decrease in yield strength and hardness in
the AZ91 alloy, whereas the decrements in those values were relatively negligible in the Ca-containing alloy due to the residual

phases and solution hardening effect of Ca.
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1. Introduction

Mg alloys are the lightest structural materials that have
great potential for use in the automotive industry, where
lightweight materials are preferred because of their ease of
transport and the consequent reduction in costs [1,2]. However,
widespread utilization of Mg alloys is limited by their inferior
strength and ductility in comparison with those of Al and Ti al-
loys. In previous works, it was reported that the addition of Ca
can increase the strength at room and elevated temperatures in
the Mg-Al based alloys because its addition results in the for-
mation of Ca-containing intermetallic compounds with higher
thermal stability such as Al,Ca, Mg,Ca and (Mg,Al),Ca [3-5].
Although numerous researches have been performed on the Mg-
Al-Caalloys [6-11], most of them have only dealt with the alloys
in the as-cast and aged states. Thus, there is little information
available on the mechanical properties of the solution-treated
alloy. Since most of the Mg-Al based alloys are heat-treatable
and their properties are greatly affected by microstructural
evolution depending on heat treatment conditions [7,8,12], it is
necessary to examine the dependence of mechanical properties
on solution treatment in the Mg-Al-Ca alloys. This work aims to
investigate the effects of solution treatment on the microstructure
and room temperature mechanical properties of AZ91 alloys
considering Ca addition.

2. Experimental

Two alloys, AZ91 alloys having 0 and 0.5% of Ca (wt%),
were prepared by melting the commercial AZ91 billets and
99.0%Ca under a (SF¢ + CO,) protective gas environment and
casting the alloys in a metallic mold. From the ingots, various
specimens for microstructural characterization and mechanical
tests were prepared by machining. The chemical compositions
of experimental alloys were determined by inductively coupled
plasma (ICP) analysis, and the results are listed in Table 1.
Some samples were solution-treated at 413°C for 16 h, fol-
lowed by quenching in water at room temperature. Uniaxial
tensile tests were carried out at room temperature on universal
testing machine (UTM, Shimadzu AG-250 kN) at a constant
crosshead speed of 1 mm/min. ASTM subsize specimens with
a gauge length of 25 mm were used in this study. The hard-
ness was measured by means of Vickers micro-hardness tester
(Shimadzu HMV-2) with a load of 200 gf. The microstructure
was characterized by X-ray diffractometry (XRD, Bruker-AXS
D8 Discover, Cu-Ka radiation) and field-emission scanning

TABLE 1

Chemical compositions of experimental alloys (wt%)

Composition Al Zn Mn Ca Mg
AZ91 8.7 0.65 0.25 — bal.
AZ91-0.5%Ca 8.5 0.57 0.23 0.46 bal.
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electron microscopy (FE-SEM, FEI QUANTA-200F) combined
with energy dispersive X-ray spectroscopy (EDS, AMETEK
PV72-60030F).

3. Results and discussion

Fig. 1 shows the SEM images of the AZ91 and AZ91-
0.5%Ca alloys in the as-cast and solution-treated states. In the
as-cast state, the AZ91 alloy exhibits a dendritic microstructure
containing partially divorced eutectic f(Mg;,Al;,) particles
along the dendrite cell boundaries and discontinuous S precipi-
tates with a fine lamellar morphology adjacent to the eutectic S
particles, as seen in Fig. 1-(a). The addition of 0.5%Ca slightly
refines the eutectic § phase and contributes to the suppression of
discontinuous f precipitation (Fig. 1-(b)). This microstructural
change is in good agreement with previously reported results
and is typical of Mg-Al-Ca alloys [6,9]. The microstructure
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refinement caused by Ca addition is related to the strong seg-
regation behavior of Ca solutes, which induces constitutional
undercooling in a diffusion layer ahead of the advancing solid/
liquid interface and restrains the growth of the cells [13]. The
suppression of discontinuous f precipitation and the refinement
of eutectic ff phase in the Ca-containing alloy are resulted from
a decrease in the amount of Al engaged in the eutectic reaction.
This reduction is caused by the formation of an Al,Ca phase prior
to the eutectic reaction that results in a decrease in Al content
in the diffusion layer [14]. After solution treatment for 16 h at
413°C, the f particles are completely dissolved into the a-(Mg)
matrix, and only trace amount of AlgMn;s particles, with their
high melting point of 1048°C, are found in the AZ91 alloy as
seen in Fig. 1-(c) [15]. Notably, after solution treatment, a rela-
tively large amount of compound particles can still be observed
in the Ca-containing alloy (Fig. 1-(d)). The volume fractions
of the intermetallic compound particles, measured using image
analysis, were ~15% (as-cast) and ~0.5% (solution-treated) in
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Fig. 2. XRD patterns of AZ91 and AZ91-0.5%Ca alloys: (a) as-cast
AZ91, (b) solution-treated AZ91, (c) as-cast AZ91-0.5%Ca and (d)
solution-treated AZ91-0.5%Ca alloys

the AZ91 alloy and ~14% (as-cast) and ~7% (solution-treated)
inthe AZ91-0.5%Ca alloy. In order to clarify the phase constitu-
ents in the as-cast and solution-treated AZ91 and AZ91-0.5%Ca
alloys, the microstructures were further characterized by XRD
and EDS, and the results are given in Figs. 2 and 3. Fig. 2 shows
XRD patterns of the AZ91 and AZ91-0.5%Ca alloys in the as-
cast and solution-treated states. It is observed that the AZ91
alloy is mainly composed of a-(Mg) and S phases (Fig. 2-(a)),
and that the addition of 0.5%Ca into the AZ91 alloy results in
the formation of additional Al,Ca phase in the microstructure
(Fig. 2-(c)). After the solution treatment, only a-(Mg) phase
peaks are seen in the AZ91 alloy (Fig. 2-(b)), but several peaks
corresponding to S and Al,Ca phases are still observed in the
AZ91-0.5%Ca alloy (Fig. 2-(d)). The XRD patterns in Fig. 2
indicates that regardless of the solution treatment, the AZ91-
0.5%Ca alloy contains Al,Ca phase, even though its presence
is not noticeable in Fig. 1. Enlarged SEM images and EDS
elemental maps of the intermetallic compound particles in the
as-cast and solution-treated AZ91-0.5%Ca alloy are shown
in Fig. 3. It is found from the EDS maps that the compound
particles observed in the as-cast and solution-treated AZ91-
0.5%Ca alloy are Ca-containing f phase and Al,Ca phase (some
Mg-poor, Al-rich and Ca-rich areas). The EDS compositional
analysis results of areas “A” to “D” in Fig. 3 are listed in Ta-
ble 2, which confirms the presence of Al,Ca (“A” and “C”)
and Ca-containing £ (“B” and “D”) phases in the as-cast and
solution-treated AZ91-0.5%Ca alloy. The existence of Al,Ca
particles following solution treatment is reasonable because
the melting point of Al,Ca is high, 1079°C [16], thus impeding
particle dissolution. The S phase retained in the AZ91-0.5%Ca
alloy after the solution treatment implies that thermal stability
of the f phase is significantly improved by the inclusion of Ca.
The increase in the melting point of the § phase containing Ca
was demonstrated using differential thermal analysis (DTA)
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by Min et al. [17]. The authors explained that the addition of
Ca results in a more uniform distribution of valence electrons
within the dominant bonds and unit cell, leading to an increase
in the melting point of the § phase.

TABLE 2
EDS analysis results of areas A, B, C and D in Fig. 3

Amount of alloying element (at%b)
Area
Mg Al Zn Ca Mn
A 15.6 57.8 1.3 25.1 0.2
B 62.9 32.7 2.3 1.9 0.2
C 12.3 58.9 1.2 27.5 0.1
D 62.2 335 2.2 2.0 0.1

Fig. 4 shows the Vickers micro-hardness values of the
AZ91 and AZ91-0.5%Ca alloys in the as-cast and solution-
treated states. In the as-cast state, the AZ91-0.5%Ca alloy
has a higher hardness than the AZ91 alloy. After the solution
treatment, a remarkable decrease in hardness is observed in the
Ca-free alloy, while the decrement is negligible in the case of
the Ca-containing alloy. The engineering stress-strain curves at
room temperature of the AZ91 and AZ91-0.5%Ca alloys in as-
cast and solution-treated states are shown in Fig. 5, and the Y'S,
UTS, and elongation values obtained from Fig. 5 are listed in
Table 3. In the as-cast state, the Ca-containing alloy has higher
YS and lower elongation than the Ca-free alloy, attributable to
the combined effects of microstructure refinement, formation of
Ca-based intermetallic compounds, and solid solution harden-
ing of Ca [6,9]. The solution treatment increases the elongation
in the AZ91 and AZ91-0.5%Ca alloys due to the complete and
partial dissolution of the 8 phase, respectively, which eventually
leads to the increase in UTS in both alloys. After the solution
treatment, decrements in YS and hardness of the Ca-containing
alloy are much smaller than those of the Ca-free alloy. A previous
report by Gharghouri et al. [18] demonstrates that strengthen-
ing by f phase has more influence on the YS value than other
strengthening mechanisms in the AZ91 alloy. Therefore, the
retained YS and hardness values in the Ca-containing alloy are
likely the results of dispersion hardening by the residual com-
pound particles with improved thermal stability and solution
hardening by Ca solutes in part. When compared to the as-cast
AZ91 alloy, the solution-treated AZ91-0.5%Ca alloy exhibits
increased YS, UTS, hardness, and elongation values by 3.9%,
33.7%, 0.8%, and 52.0%, respectively. The solution treatment
may improve the elongation and UTS in the as-cast AZ91 al-
loy, but it definitely causes deterioration in Y'S and hardness to
some extent, as shown in Fig. 5 and Table 3. In addition, it is
well known that aging treatment results in the enhancement of
YS; however, in such a case, considerable loss in ductility is
inevitable [12]. The better ductility of the solution-treated alloy
compared to the as-cast one is directly ascribed to the lower
content of intermetallic phases such as £ and Al,Ca with a brit-
tle nature, since the intermetallic particles are the micro-crack
initiators during deformation [19]. If the interfacial cohesion
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Fig. 3. SEM images showing precipitate particles (left) and EDS maps of the elements Mg, Al, Mn and Ca (right) in (a) as-cast and (b) solution-
treated AZ91-0.5%Ca alloy

TABLE3  between the intermetallic particles and matrix are strong, the

Room temperature tensile properties of AZ91 and AZ91-0.5%Ca particles will fracture to nucleate micro-cracks, and when the

alloys in as-cast and solution-treated states. AC and ST denote interfacial cohesion is weak, decohesion will happen to nucleate

as-cast and solution-treated states, respectively micro-cracks. This study demonstrates that the combination of

Tensile properties a small Ca addition and solution treatment can play a beneficial

Alloy YS (MPa) | UTS (MPa) | Elongation (%) | roleinenhancing UTS and elongation of the AZ91 alloy without

AZ91 (AC) 76 181 5.0 any reduction in Y'S and hardness.

AZ91-0.5%Ca (AC) 84 182 4.5
AZ91 (ST) 63 228 8.1
AZ91-0.5%Ca (ST) 79 242 7.6
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Fig. 4. Vickers micro-hardness of AZ91 and AZ91-0.5%Ca alloys
in as-cast and solution-treated states. AC and ST denote as-cast and
solution-treated states, respectively

4. Conclusions

The effects of solution treatment on the microstructure
and room temperature mechanical properties were investigated
in AZ91 and AZ91-0.5%Ca alloys. In the as-cast state, the Ca
addition contributes to the suppression of discontinuous S phase
precipitation and the formation of Al,Ca phase. After solution
treatment, the AZ91 alloy has only a small amount of AlgMn;
particles, while f and Al,Ca phases are still present in the Ca-
containing alloy. In the as-cast state, the AZ91-0.5%Ca alloy
shows better YS and hardness values than does the AZ91 alloy.
It is noticeable that the solution treatment results in a marked
decrease in YS and hardness in the Ca-free alloy, whereas the
decrements in Y'S and hardness are relatively negligible in the
Ca-containing alloy. This result may well be ascribed to the
residual compound particles present in the microstructure and
solution hardening effect of Ca.
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Fig. 5. Engineering stress-strain curves at room temperature of AZ91
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